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The study and applications of semiconductor nanoparticles (NPs) have grown 
in the last 30 years due to their attractive and exceptional optical and 
electronic properties. Their highly efficient photo- and electroluminescence 
is tunable in a wide range of the electromagnetic spectrum, allowing the 
preparation of NPs with an emission centered form the UV to the mid 
infrared range. Their reduced size is one of the attractive features for some 
applications in biology such as drug-delivery or selective bio-labelling.  Due to 
their small size (comparable to that of proteins or nucleic acids), 
semiconductor NPs can be coupled to biological molecules and with them 
reach the inside of cells, what has been vastly developed for fluorescent 
optical tracking both in vitro and in vivo. The high absorption and scattering 
of biomolecules and tissues in the Vis range has trigger the seek of other 
non-toxic NPs whose optical response is centered in the second or third 
biological windows, NIR spectral ranges where light extinction is minimized. 
In this way, some NIR NPs can result in higher spatial resolution, deeper 
tissue penetration, and improved overall image quality. Silver sulfide (Ag2S) 
based NPs have been appointed as one of the most promising materials since 
they are not toxic and their photoluminescence centered in the NIR region. 
The synthesis of Ag2S NPs dates from the mid-90’s although their interest has 
started growing in the last 10 years. The easy preparation of bright NPs with 
a photoluminescence centered in the region called NIR-II (1000-1400 nm) 
triggered their use in many biological assays with positive results in imaging, 
targeting and therapy experiments with negligible toxicity making this 
material more adequate than other semiconductors like Pb or Hg 
chalcogenides.  In Chapter 2 it is described how these appealing properties 
are taken advantage by adding a previously not studied property: their 
capability to be used as luminescence thermometers (LThs) in the NIR-II 
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range. The as-synthesized NPs were thoroughly characterized, and 
transferred to water using a newly developed one-step procedure.  This 
ligand exchange step preserves their thermometric sensitivity as evidenced 
in their use for the in vivo monitoring of the temperature change in a 
mouse’s brain during a heating/cooling experiment. Furthermore, these 
previously described routes are found to produce NPs with a dense surface 
coating and embedded in the silver precursor formed in the course of the 
synthesis reaction. In Chapter 3, a new synthetic route is developed to obtain 
NPs with a lighter surface coating that allow for a more versatile and efficient 
ligand exchange procedure. Moreover, the preparation of monodisperse 
individual NPs using this new route allows for the preparation of other 
structures based on Ag2S NPs: Ag2S/Ag2(S,Se) and Ag2S/Ag2(S,Se) /ZnS 
core/shell NPs. Both structures show higher PLQY and improved stability 
towards oxidation while retaining their labile surface that allows the easy 
tuning of their surface chemistry. In the case of the CS NPs their surface can 
be coated with different biocompatible polymers and even with 
oligonucleotides, biomolecules that may be biologically active allowing the 
targeting of specific sequences.  In Chapter 4, the preparation of 
multifunctional composites is explored using two different approaches. 
These composites consist on a single nanostructure able to simultaneously 
produce hyperthermia (either optical or magnetic) and provide temperature 
reading to prevent undesired damage in healthy zones. The correct 
formation of these composites is achieved by the encapsulation of Iron Oxide 
Superparamagnetic Nanoparticles (SPIONs) and Ag2S-based NPs inside a 
sphere formed by a stack of bilayers of a polyethylene glycol modified 
phospholipid. These liposomes, with a hydrodynamic size of around 100 nm 
are of an ideal size for their use in living organisms. Incipient cell culture 
studies suggest their correct internalization in cells, opening the door for 




El estudio y las aplicaciones de las nanopartículas (NP) basadas en 
semiconductores ha crecido en los últimos 30 años gracias a sus atractivas y 
excepcionales propiedades ópticas y electrónicas. Su alta eficiencia en 
procesos de foto y electroluminiscencia se puede sintonizar en un amplio 
range del espectro electromagnético, favoreciendo la preparación de NPs 
con una emisión desde el rango ultravioleta hasta el infrarrojo medio. Su 
tamaño reducido es uno de los principales rasgos que las hace atractivas 
para ciertas aplicaciones en biología como para la liberación de fármacos o el 
marcaje selectivo. Dado que su tamaño es parecido al de proteínas y ácidos 
nucleicos, las NPs semiconductoras pueden asociarse con moléculas 
biológicas de forma que pueden penetrar en células. Este hecho ha sido 
ampliamente desarrollado para el marcaje tanto in vitro como in vivo. 
El alto coeficiente de absorción y de dispersión de la luz de los tejidos y las 
biomoléculas en el rango de luz visible ha hecho que aumente el interés en la 
búsqueda de NPs con respuesta óptica en las llamadas “segunda y tercera 
ventana biológica”; regiones del espectro donde laa extinción de luz es 
mínima. De esta forma,  algunas NPs con emisión en el rango infrarrojo 
cercano (NIR, en sus siglas en inglés) permiten un aumento en la resolución, 
penetración en tejido y, en general, una mayor calidad de las imágenes 
obtenidas con su fluorescencia. Las NPs basadas en sulfuro de plata (Ag2S) 
han sido identificadas como uno de los materiales más prometedores dado 
que no son tóxicas y por su emisión en el rango NIR. . La síntesis de este tipo 
de NPs data de mediados de los años 90, aunque su interés ha aumentado 
exponencialmente en los últimos 10 años. La fácil preparación de estas NPs 
ha aumentado su uso para diversas aplicaciones como imagen por 
fluorescencia, marcaje o experimentos terapéuticos sin toxicidad apreciada 
probando ser un material mucho más adecuado para estos usos que otros 
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materiales con emisión en el rango NIR como los calcogenuros de plomo o 
mercurio.En el capítulo 2, se describe como a las ya valiosas propiedades de 
este material se añade otra nueva: su capacidad para ser termómetros de 
luminiscencia en el rango NIR-II (situado entre 1000-1400 nm). Las NPs 
sintetizadas han sido caracterizadas de forma exhaustiva y transferidas a 
medios acuosos usando una nueva metodología de un solo paso. Este 
procedimiento de cambio de ligando preserva sus propiedades 
termométricas con alta sensibilidad como se evidencia en un experimento 
donde se observa a tiempo real el cambio de temperatura en un ratón vivo 
después de un proceso de calentamiento y enfriamiento. Además, gracias a 
una serie de estudios por Difracción de Rayos X y Resonancia Magnética 
Nuclear se ha descubierto que las rutas para la síntesis de este tipo de NPs 
hacen que se  encuentren en una densa matriz de un precursor generado en 
la síntesis. En el capítulo 3, una nueva ruta de síntesis es desarrollada para 
obtener NPs con un recubrimiento superficial más ligero, obteniendo un 
mayor rendimiento en el paso de cambio de ligando. La obtención de estas 
NPs libres posibilita su uso como semillas para producción de otras 
estructuras más complejas como Ag2S/Ag2(S,Se) y Ag2S/Ag2(S,Se)/ZnS. Ambas 
estructuras muestra un mayor rendimiento cuántico y una mayor estabilidad 
química frente a la oxidación mientras retienen su superficie lábil que 
permite una mayor versatilidad en su química en superficie. En el caso de las 
NPs Ag2S/Ag2(S,Se)/ZnS, la capa de sulfuro de zinc permite que su superficie 
sea recubierta por una serie de polímeros biocompatibles e incluso con 
oligonucleótidos, biomoléculas que pueden ser biológicamente activas 
permitiendo dirigirse a ciertas secuencias específicas de nucleótidos 
complementarios. En el capítulo 4, se explora la preparación de compuestos 
multifuncionales con dos estrategias distintas. Estos compuestos consisten 
en una sola nanoestructura que es capaz simultáneamente de producir una 
hipertermia (óptica o magnética) y dar una lectura de temperatura de forma 
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que se puede prevenir el daño en zonas sanas. La correcta formación de 
estos compuestos se consigue con la encapsulación de NPs de óxido de 
hierro (Fe3O4) y las previamente sintetizadas NPs basadas en Ag2S dentro de 
una esfera formada por varias bicapas de un fosfolípido modificado con un 
extremo de polietilenglicol. Estos liposomas, que tienen un radio 
hidrodinámico de alrededor de 100 nm son de un tamaño ideal para su 
correcta internalización dentro de células cancerosas. De esta forma, estos 
compuestos son potencialmente útiles para conseguir ajustar la dosis de 
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Chapter 1. Introduction 
1.1. Nanoparticles 
Thanks to profuse studies and synthetic efforts during the last 30 years, the amount of 
materials successfully synthesized in the form of nanoparticles (NPs) or nanocrystals (NCs) is 
enormous nowadays, and is still growing. Nanoparticles are defined as materials having at 
least one characteristic length scale in the range 1-100 nm, and with at least one property 
being considerably different from that of the bulk counterpart as a result of their nanoscale 
dimensions.1 Their properties depend on the nature of the material they are made of (metallic, 
magnetic, semiconductor, dielectric, etc.). The applications of the different kinds of NPs are 
already numerous and range from optoelectronics 2 to biomedicine.3 The important 
relation between the size and the optical, electronic or magnetic properties of nanomaterials 
has opened a new era in which many important issues regarding different aspects of science or 
technology can be overcome by the correct tuning of the size, aspect ratio or chemical 
composition of a particular material.  
Concerning the properties that arise different from that of their bulk counterpart as a result of 
the nanoscale size, in the case of ferromagnetic materials, when the size of the crystals starts 
to approximate the size of the magnetic domain, important changes in their magnetic 
properties are observed. This change is evidenced in the appearance of two different magnetic 
behaviors: single domain ferromagnetism and superparamagnetism (SPM). Among the 
ferromagnetic materials synthesized as NPs, iron oxide-based NPs and, in particular, Fe3O4 NPs 
or SPIONs (Superparamagnetic Iron Oxide Nanoparticles), are the most popular. When the size 
of these NPs is reduced to less than 30-50 nm the material losses its ferromagnetic behavior 
and exhibits superparamagnetism.4, 5 Superparamagnetism consists in the ability of these 
nanocrystals to show high susceptibility and saturation magnetization when an external 
magnetic field is applied, and the capacity to lose it when the field is stopped without 
remanence. This behavior is analogous to paramagnetism but, instead of individual electronic 
spins displaying the response, in SPM it is the collective moment of the whole NP.6 
Hyperthermia treatments, one of the main applications of these NPs, are based on this unique 
property. These treatments consist in the intentional heating of a certain region of the body in 
order to achieve a therapeutic effect. Magnetic hyperthermia therapy has been extensively 
studies for the treatment of certain kinds of localized malignant tumors.7 The temperature 
increase of the cancerous cells up to 41-42°C promotes the malfunction of different regulatory 
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biological mechanisms like cell growth and differentiation, transmembrane transport and the 
inhibition of repair enzymes that correct DNA.8 All these effects promote different types of cell 
death, thus reducing the tumor. Due to the high absorption coefficient of iron oxide NPs, both 
visible light and magnetic fields can be used to induce heat in different biological entities (cells, 
tissues, organelles, etc.). Furthermore, the low toxicity of iron, which is found in some 
biomolecules like ferritine, has promoted their use for the treatment of a wide variety of 
tumors with promising results and negligible toxicity.9  
 
Figure 1.1. a) TEM image of Superparamagnetic Iron Oxide Nanoparticles (NPs) b) Comparison between the evolution of the 
magnetization of the SPIONs when an external magnetic field is applied. The black dotted line represents a ferromagnetic material 
and the blue continuous line SPM NPs. TEM image courtesy of Dr. Gorka Salas. 
On the other hand, metallic NPs have been successfully synthesized at the nanoscale. Metals 
like gold, silver, copper, palladium or bismuth show attractive properties when their size is 
decreased.10 These features include the localization of surface plasmons, whose resonance can 
be tuned by the variation of several factors like their chemical composition, their size and 
morphology. The main applications of these NPs include catalysis, drug delivery, photothermal 
therapies, tumor targeting, as well as Surface Enhanced Raman Spectroscopy (SERS), due to 














Figure 1.2. a) TEM image of gold nanocubes b) LSPR dependence with the size of the gold nanocubes  
1.2. Semiconductor nanoparticles 
In the case of semiconductor NPs, when their size is reduced to be close to 2 times the exciton 
Bohr radius for the material, their charge carriers undergo an energetic confinement. These 
NPs are then known as Quantum Dots (QDs). The confinement of the valence and conduction 
band electrons in the 3 dimensions causes the quantization of the energy levels and the 
increase of the bandgap energy. The discretization of levels causes the improvement of the 
Photoluminescence Quantum Yield (PLQY) of optical transitions, hence turning the NPs in more 
efficient emitters compared to their bulk counterpart. In the quantum confinement regime, 
the energy levels can be calculated using the model of a particle in a box.1 This calculation was 
first resolved by Brus12 in the equation named after him (Brus equation, equation 1), where Eg 
is the bulk semiconductor bandgap, R the radius of the crystal, me and mh the effective mass of 
the electron and hole in the valence band, respectively, and  the dielectric constant of the 
material. 
As can be observed in equation 1.1, the increase in the Eg is inversely proportional to the 
radius of the NPs to the square. This strong dependence between the bandgap and the size of 





























Figure 1.3. The dependence of the optical bandgap with the size of the NP in semiconductor materials allows to tune their PL in a 
wide range for some materials. This behavior is given by the Brus equation (Equation 1.1). 
As described in equation 1.1, the change in the energy bandgap of the nanomaterial depends 
not only on the size of the crystal but also on the intrinsic properties of the material. This way, 
due to these intrinsic properties (refraction index, curvature of the valence and conduction 
bands, etc) of every semiconductor, some are more “easily tunable” than others. All these 
magnitudes affect the Bohr radius of the exciton, which is directly proportional to the binding 
energy of the electron and the hole. So, for excitons with a big radius (low binding energy) the 
quantum confinement regime will be wider, allowing for high optical properties tunability, 
and, on the contrary, for materials with a tightly bound exciton (low radius), only in very 
reduced sizes the strong quantum confinement regime will be achieved. Depending on the 
relative size of the NP and the Bohr radius, the quantum confinement can be strong or weak. 
The strong quantum confinement regime applies when the NP size is less than twice the 
exciton Bohr radius (twice the “size” of the exciton). In contrast, in the weak confinement 
regime, the electrons are not fully confined thus not following the particle in a box approach. 
In this case the electrons wavefunction is not fully confined in the NP13 showing properties that 











Figure 1.4. PL tunability of some of the most well-known semiconductor NPs 
One of the most important properties to characterize the quality of a luminescent NP, such as 





This magnitude measures how efficient the light emission is, depending on the absorption.  
The process of photoluminescence (PL) in NPs is affected by several factors like the presence 
of surface traps, a consequence of a poorly capped surface or imperfections in the crystalline 
structure, including the presence of impurities. The optimization of synthetic methods at high 
temperature in inert atmosphere has successfully reduced the PL quenching through non-
radiative processes due to poor crystallinity. However, the most efficient approach to increase 
the PLQY has been the formation of core/shell (CS) structures, an approach that drastically 
reduces surface traps and localizes charge carriers selectively in the core or shell materials. To 
produce CS NPs it is necessary the controlled growth of a few layers of a different 
semiconductor material around that of the emissive core. The band alignment between the 
core and shell materials is one of the key factors that will determine the optical response of 





 Figure 1.5. Types of core/shell nanostructures depending on the relative position of the energy levels of the core and shell 
materials.  
In order to obtain more efficient emitters, type I CS structures are pursued. In these structures, 
the gap of the outer semiconductor material is larger than that of the core, what forces the 
hole and the electron wavefunctions to be confined inside the core material. This strategy 
prevents losses by recombination of the charge carriers in the shell and makes the radiative 
processes in the core more efficient. In the case of reverse type I alignment, the bands of the 
shelling material fall inside the bands of the core material favoring the delocalization of both 
charge carriers in the whole structure. In this kind of CS NPs the extraction of both charge 
carriers from the structure is favored. In quasi type II configuration, only one carrier is confined 
inside the core of the NC while the other is partially delocalized over the whole structure due 
to the small energy difference of both materials’ conduction bands. This is case of CdSe/CdS 
NPs. The growth of the CdS covering layer around the CdSe core is observed as a slight red 
shift in both the absorption features and the PL energy due to the loss of quantum 
confinement. If the position of the bands is staggered the conformation is known as type II. In 
these structures the charge carriers are spatially separated in the core and shell materials, 
respectively, thus, reducing the effective band gap. The optical properties of these structures 
are characterized by a large red shift of the emission energy (although it significantly reduces 
the PLQY), and are of special interest in the development of photovoltaic devices including 
solar cells. The separation of the charge carrier allows for the extraction of the charge carriers 
by an external applied bias, therefore obtaining photocurrent. 
1.3. Near infrared emitting semiconductor NPs 
The interest of luminescent NPs operating at the near infrared range (NIR, region between 
700-1400 nm) points towards the development of IR photovoltaic devices14, 15 and their use in 
biomedical applications.16 The latter is a side effect of their advantages in biological media 
compared to QDs emitting in the visible region (380-700 nm). Visible light is strongly 
attenuated when it goes through biological tissues, which effectively reduces the optical 
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penetration of visible-emitting NPs, as exemplified in Figure 1.6.a. In this figure, it can be 
observed how the scattering and absorption of water and biomolecules, as well as 
autofluorescence, are reduced in the NIR region. There are two spectral regions were the 
optical extinction in tissues is particularly reduced:  NIR-I (700-1000), and specially in NIR-II 
(1000-1400 nm).17, 18 
Figure 1.6. a) Scheme of the different processes that light undergoes when it is applied to a biological tissue, b) Representation of 
the optical absorption of different parts of the body. It can be observed how absorption is minimized in the NIR-I and NIR-II 
regions. Reproduced with permission from reference 18 
Therefore, the preparation of highly efficient NPs working in the NIR-II range would allow 
higher penetration depths and, as a result, higher resolution imaging than using visible 
emitting QDs. Among colloidal semiconductor NPs with optical properties centered in the IR 
range, lead chalcogenides QDs stand out due to the wide variety of reported synthetic routes 
that allow controlling their size, morphology, and surface chemistry.19 Furthermore, the optical 
properties of lead chalcogenides QDs can be tuned from the red to the mid-IR due to the high 
exciton Bohr radius in these materials (20 nm for PbS and 46 nm for PbSe20) allowing selecting 
the required PL range at will. Their crystalline structure also allows the formation of CS 
structures by the shelling with CdS, ZnSe or ZnS with PLQY as high as 60%.21 Lead-based NPs 
have already been used in successful experiments of in vivo22-24 imaging and they are also 
being studied for their use in solar cells due to the unique transport and electronic properties 
including the multiple exciton generation (MEG), a mechanism that allows for the extraction of 
various photons from one energetic photon increasing the efficiency of solar cells.25 HgTe and 
Cd1-xHgxTe NPs also show remarkable PLQY for core-only NPs (40%)26 and can be tuned from 
the NIR to the mid-IR. However, as in the case of Pb-based NPs, the use of heavy and toxic 
metals still raises questions about their biocompatibility although they have been successfully 
used in some bioimaging studies.27 Other semiconductor NPs, whose emission covers this 
range are based on compounds of the I-VI and I-III-VI groups of the periodic table. I-III-VI NPs 
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include AgInS2, CuInS2 and CuInSe2. Since these materials form solid solutions with different 
ratios of the components, their optical properties can be widely modified, not only by the 
variation of size but also by varying their chemical composition. It has been observed that an 
increasing Ag content28 in AgInS2 NPs yields high PLQY, evidencing that small changes in the 
chemical composition of the crystals entails a drastic change in their properties. Using different 
solid solutions the optical properties can be enhanced as in the case of Ga3+ containing AgInS2 
NPs with a remarkable PLQY of about 45% emitting in the NIR range.29 
Among all transition metal chalcogenides with valence I, only silver-based NPs show PL in the 
NIR region (copper chalcogenides show LSPR absorption). Ag2Se has been synthesized in 
different sizes allowing for a PL tuning between 1000-2000 nm. Different in vivo imaging 
studies have been carried out using Ag2Se30-32 although there are concerns about the use of Se 
in living organism. Since the main subject of this Thesis is Ag2S, a more detailed analysis of this 
semiconductor based on elements from groups I-VI is developed in the next section. 
In the case of lanthanide containing NPs, the generated PL signal does not come from the 
emission of a semiconductor in a quantum confinement regime but from the available energy 
levels in lanthanide cations included in different matrices, like NaYF4 or NaGaF4. The great 
number of emissive levels in these elements allows for the emission from the red to the NIR by 
the variation of the lanthanide used or combinations of more than one. Lanthanides emitting 
in the NIR range vastly employed are: Er3+, Tm3+, Ho3+ and Pr3+. They are normally used in the 
presence of a photosensitizer (Yb3+ or Nd3+). Some advantageous properties of lanthanide 
doped NPs are their long luminescence decay times, that allows overcoming autofluorescence 
signals using a time gated mode and their high photostability with negligible photobleaching or 
photo-blinking. In addition, synthetic strategies to increase absorption include the formation of 
CS structures.33 
1.4. Silver sulfide (Ag2S) 
Even though the first reported synthetic routes for the preparation of Ag2S NPs dates from 25 
years ago,34 the interest in these NPs is relatively recent compared to other more extensively 
studied chalcogenide NPs, like CdSe or PbS. The interest in these NPs has grown in the last 10 
years principally in the biological context due to their low toxicity and NIR emission. In its bulk 
form, this semiconductor was described in 1833 by Michael Faraday that discovered his 
insulator behavior that changed upon heating to a high conductor at elevated temperature. 
This behavior is caused by the crystalline nature of Ag2S that presents a monoclinic phase () 
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up to 178°C. Above that temperature, the lattice melts obtaining very high values of ionic 
conductivity near the phase change. Afterwards, the lattice forms a body-centered cubic 
structure () and, with further heating, a face-centered cubic (, above 600°C). 
1.4.1 Synthesis methods  
The first route for the synthesis of semiconductor NPs was developed by Murray et al35 in 
1993, and it is known as the “hot injection method”. This method consists on the injection of 
organometallic precursors in a solution at high temperature of organic molecules that bind to 
the surface of the nuclei controlling their size and morphology. This procedure allows the 
separation between the nucleation and growth steps proposed in 1950 by La Mer and 
Dinegar,36 producing NPs with a narrow size distribution. Another useful technique to this aim 
is the method known as “heat-up”. In this case, the precursors are all placed inside the 
reaction flask and heated controllably until the nucleation stage starts. Although using this 
method the separation between nucleation and growth is harder to control, different 
strategies have been developed to obtain monodispersed NPs even in high quantities.37 The 
synthesis of Ag2S NPs was first reported by the group of Dr. Henglein38 using a simple 
coprecipitation reaction, which occurs rapidly due to the low solubility product of Ag2S 
(Ks=6.3·10-51). Afterwards, M. P. Pileni reported the use of a reverse microemulsion system.39-42 
For this synthesis, the polar phase (water) contained AgNO3, which is the most used silver salt 
due to its high stability. The non-polar medium consisted on a solution of dodecanethiol in 
toluene. Dioctyl sulfosuccinate (AOT) was used as the surfactant to form the emulsion.  
However, no PL were reported in any of the previously mentioned methods. The preparation 
of Ag2S NPs with different sizes and emission ranges have been successfully carried out by 
means of any of these two synthetic procedures.   
 
1.4.1.1. Synthesis methods in polar media 
The main advantage of synthesizing Ag2S NPs in polar media is their solubility in water. Their 
hydrophilic surface ligands allow for their use in biological media which easies the way for their 
functionalization with biologically active biomolecules. 
The heat-up synthetic routes for the synthesis of Ag2S NPs in polar media consist mainly on the 
thermal decomposition of small thiolated molecules, like 1,2-dimercaptosuccinic acid (DMSA)43 
or 3-mercaptopropionic acid (MPA),44 which are used both as the sulfur source and ligand. The 
carboxylate termination of these two molecules allow for the direct functionalization of these 
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NPs. For example, Tang et al45 through EDC/NHS chemistry attached the peptide cRGDfK that 
targets the v3 receptor, which is up-regulated in tumor cells, observing how the NPs 
accumulated in the tumor area. More recently, Zhang et al46 achieved the electrostatic bond 
between the negatively charged groups of MPA and a positively charged histidine end of an 
affibody targeting a growth factor in small tumors. Also using the EDC/NHS chemistry, Wang et 
al47 attached an antagonist of a receptor found in highly metastatic tumor cells being able to 
identify them and slowing their growth. 
In the case of hot injection syntheses for Ag2S NPs, the reaction temperature is limited to 
100°C and the injection normally consists on a solution containing Na2S or sulfur powder 
dissolved in hydrazine.48-50 The hot injection routes using these sulfur precursors allow for the 
use of biomolecules as reaction ligands: A Cys modified DNA aptamer, proteins like -
Lactoglobulin51 (-LG), Bovine Serum Albumin (BSA) and Human Serum Albumin52 (HSA) or 
small peptides like glutathione (GSH) have been used in these kinds of syntheses.48, 49 The Ag2S 
NPs synthesized using HSA were prepared by Yang et al52 showing a NIR-II emission centered at 
1060 nm, inside the II-BW, although in general NPs synthesized using these routes do not emit 
in the NIR-II range as discussed in Section 4.2. 
1.4.1.2. Synthesis methods in non-polar media 
The synthetic methods in non-polar media are also widely used for the synthesis of this kind of 
NPs. The most popular routes are the heat-up based on silver (I) diethyldithiocarbamate 
(AgDDTC), a commercial salt that allows the formation of Ag2S NPs in the presence and 
absence of thiols, firstly reported by Du et al.53 These routes are popular due to the easy 
synthetic procedure and the moderately high temperatures necessary (T<220°C).    
Hot injection routes in non-polar media have also been reported for this kind of NPs. Using an 
extremely reactive sulfur source like bis(trimethylsilyl) sulfide (TMS), monodisperse NPs can be 
synthesized. Jiang et al achieved a synthetic procedure based on seeded growth allowing for 
huge PL tunability from 700 to 1200 nm.54 The injection of other highly reactive sulfur source 
like (NH4)2S has also been reported as a useful precursor for Ag2S NPs. Its use allowed for a 
gram-scale synthesis of these NPs.55 However, TMS and (NH4)2S are unwanted chemicals in NPs 
synthesis due to their high reactivity and toxicity, what requires well-controlled inert 
conditions and make the system non-straightforward to handle. For this reason, other milder 
sulfur precursors have been used for the synthesis of these NPs like sulfur powder56 or sulfur 
dissolved in Toluene,57 Oleylamine58 or Trioctylphophine.59 All these routes yield hydrophobic 
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NPs that need an extra step to be dispersed in aqueous media. In general, there are two main 







Figure 1.7. Different strategies for the water-solubilization of NPs 
 
 Ligand exchange 
In this approach, the hydrophobic organic molecules used in the synthesis of the NPs may 
participate forming intermediates, controlling size and shape, or passivate the final NPs surface 
are replaced by new ones that provides aqueous solubility. The methodology requires the use 
of high excess of ligands with higher binding energy to the semiconductor surface than the 
original one. The choice of the hydrophilic ligand and the ligand exchange procedure is key in 
order to minimize the PLQY loss during the ligand-exchange process. The decrease in PLQY is a 
concomitant effect due to the generation of surface imperfections acting as surface-trap states 
that increase the probability of non-radiative exciton deactivation processes. Other possible 
sources of the PLQY drop includes other parameters like the relative energy levels of the 
molecule attached to a particular surface atom (e.g., sulfur atoms forming part of ligands have 
been observed to attract charge and thus reduce the PLQY).60, 61 In the case of Ag2S NPs 
synthesized by heat-up routes, Hong et al62 developed a two-step ligand exchange procedure 
to obtain fully stable NPs in aqueous media. The first ligand exchange is carried out using a 
multifunctional thiol-containing molecule like dihydrolipoic acid (DHLA). After that, the 
carboxylate ending (not bound to the surface of the NC) is activated to introduce a 
multifunctional PEG-based polymer.  
 Encapsulation 
The encapsulation of the NPs is an alternative procedure that can be followed if the 
hydrophobic ligands are tightly bound or the ligand exchange process causes an important 
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quenching of the PL. Different strategies have been developed for the encapsulation of NPs 
depending on the matrix that will contain them. The introduction of NPs inside SiO2 spheres is 
a popular strategy due to the possibility of controlling the sphere size with a narrow size 
distribution.63 This strategy also contributes to avoid the release of metallic ions that could 
harm biological entities. Amphiphilic polymers like polyvinyl alcohol (PVA), poly(lactic-co-
glycolic-acid) (PLGA) or different co-polymers based on poly(ethylene oxide) (PEO) have also 
been used for the formation of NPs capsules.64 The encapsulation mechanism includes the 
interaction of these polymers with the passivating ligand sphere of the NPs and therefore, 
does not affect the surface of the NPs, what drastically reduces the generation of surface 
states. Other explored strategies for the encapsulation of NPs consist in the use of 
phospholipids or their modifications with PEG-based polymers.65 These molecules are also 
amphiphilic and show some extra advantages like high biocompatibility, the possibility of 
forming micelles of different sizes and high interaction with cell membranes, facilitating cell-
cultured studies. 
1.4.2.  Optical properties 
Due to the existence of such diversity of synthesis routes, it is possible to find in the literature 
numerous works reporting the synthesis of Ag2S NPs with different optical properties. In order 
to establish a correlation between particle size and emission properties it is represented in 
Figure 1.8a the central emission wavelength of Ag2S NPs as a function of their size. Strong 
variations in the emission peak position are observed for Ag2S NPs with sizes below ∼4 nm. In 
contrast, Ag2S NPs with sizes above 4 nm present emission peaks localized between 1050 and 
1250 nm in most reports. The analysis of the published data shown here can be well-explained 
considering a Bohr exciton radius for Ag2S close to 2 nm. The fluorescence of NPs smaller than 
4 nm is, therefore, affected by strong quantum confinement effects that results in a blueshift 
of the emission for decreasing sizes. On the other hand, Ag2S NPs with diameters larger than 4 
nm behave as “bulk” units or in a weak quantum confinement regime and their fluorescence 
emission wavelength is purely given by the intrinsic bandgap of Ag2S. It is worth mentioning, 
however, that the synthetic route seems to play a critical role in the optical properties of Ag2S 
NPs. Ag2S NPs produced by synthetic routes based on the decomposition of metallic salts in 
organic media (normally in the presence of 1-dodecanethiol) show emission bands in the NIR-II 
range (1000–1500 nm), even if their size is lower than 4 nm. In contrast, most of the synthesis 
routes carried out in polar media (water, ethylene glycol) yield Ag2S NPs with blue shifted 
emission bands (500–1300 nm) and higher PL tunability. This is exemplified in the selected 
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examples shown in Figure 1.8b, where blue and red lines correspond to syntheses carried out 
in polar and organic media, respectively. The dots, squares and triangles embedded in each of 
the lines correspond to the central emission wavelengths of different NP sizes depending on 
their synthesis method. These results underline the need of profuse synthetic and 
morphological studies to understand the disparity in the final optical properties depending on 
the synthesis route. The potential presence of complexes or polymers with distinct 
photoluminescence properties and the crystallography and/or presence of lattice defects in 
the final inorganic NP should be evaluated.  
Figure 1.8. a) Comparison of the PL maxima of Ag2S NPs with their size as reported in references 43, 44, 46, 48-50, 52-55, 57, 66-82  b) Spectral 
position of the PL maximum depending on the synthetic approach (■ -for hot injection, ●- for heat-up and ▲- for seeded growth) 
and the polarity of the media (organic in red and polar in blue). The NP size range for each synthesis is specified next to the line, 
along with the corresponding reference.  
 
1.5. Applications 
Taking advantage of all the attractive properties of this kind of NPs several applications have 
been found for them. So far, Ag2S NPs have been successfully used in bioimaging and selective 
targeting, as therapeutic agents and for luminescence thermometry. 
1.5.1.  Bioimaging and selective targeting  
The acquisition of images using NIR probes has grown in the last years due to several factors: 
it’s a non-invasive technique, the minimized optical extinction from body tissues and the high 
resolution obtained (as high as 10 m with Ag2S).83 Different in vitro assays using different cells 
lines were carried out as the first hydrophilic Ag2S NPs were synthesized and now it is use for a 
wide range of fields of interest in biology and biomedicine. These NPs have been used for 
some interesting assays like as a probe to follow the fate of transplanted mesenchymal stem 
cells.84 In this assay, the NPs were inserted inside the cells allowing for the observation of the 
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therapeutic effect of the stem cell in liver failure without affecting their DNA or causing 
apoptosis. In another experiment, these NPs effectively allowed the observation of the 
angiogenesis in a small tumor (the formation of new vessel from which the tumor obtains 
blood) thanks to the high resolution provided from their NIR PL.85 Furthermore, this material 
does not only provide fluorescence-based imaging but it is also a potential probe in 
photoacoustic imaging (PA).52, 86 In this case, the image is obtained through the lattice 
vibrations after laser irradiation. Thanks to this imaging technique and the response of the 
NPs, Wu and co-workers86 observed how the NPs deposited in an atherosclerotic plaque due 
to the hydrophobic interaction with a surface ligand thus targeting that area of the mouse 
body.  
 
Figure 1.9. Intravenous injection of Ag2S and their biodistribution during 24h. It can be observed that thanks to their surface 
coating the NPs end up in the region where the tumor is located. Reproduced with permission from reference 62 
 
1.5.2. Therapeutic agents 
Different strategies are being developed to take advantage of the small size of NPs to turn 
them into therapeutic agents in different medical conditions. In the case of Ag2S, the main 
fields in which these NPs are being used are in photothermal therapies (PTT), as well as a drug 
delivery unit.87 For example, Yang et al52 were able to fully eliminate a tumor using PTT at an 
Ag2S concentration of 50 g/kg. At that concentration, no damage was observed in any other 
organ, eliminating the NPs through renal clearance. Other studies show the use of this Ag2S 
NPs, like the one by Cheng et al,88 in  which the NPs were introduced along with DOX in 
phospholipidic micelles. When the NPs arrived at the tumor thanks to the use and the high 
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penetration of NIR light the drug was released killing the tumor cells. This is an efficient way to 
avoid the secondary effect of these drugs since they are only released where the laser light is 
applied.  It is worth noting also the study by Cheng et al, which reported how the irradiation of 
the Ag2S catalyzes the appearance of ROS species like 1O2 causing local cell death. These 
authors went one step further and by the conjugation of polydopamine to the NPs they 
achieved higher rates of 1O2 showing the potential role of these NPs as photosensitizers in 








Figure 1.10. Effectiveness of PTT treatment in a tumor depending on the concentration of Ag2S NPs injected. Reproduced with 
permission from reference 52 
1.5.3. Luminescence thermometry in the biological context. 
Luminescence nanothermometry is an emergent application of luminescent NPs. The change 
in the different properties of the light emitted by the NPs carries information about intrinsic 
properties of the material and also its environment. The limitations of contact-based 
temperature readings at the sub-micron scale make these methods unable to address issues 
like intracellular temperature fluctuations, temperature mapping of microcircuits and 
microfluids.90 Luminescence thermometry is a useful technique in biology due to the 
connection between a local temperature rise and some diseases. The presence of tumors of 
some articulation diseases provoke inflammation in the surrounding tissues, causing a 
temperature raise compared to their environment.91 The presence of surface or close to 
surface injuries can be studies directly using thermographic cameras. However, if the region of 
interest lies deep inside the body, a different technique must be developed. Different kinds of 
NPs have been used in recent years that are able to measure temperature in deep regions like 
CdSe/CdS QDs, PbS/CdS/ZnS QDs and lanthanide ions-containing nanostructures.90 The main 
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problems that QDs are facing in this application are, first, their chemical composition based on 
Cd and Pb that are toxic to living organisms. Secondly, the thermal sensitivity of these 
structures is not high enough, thus making it difficult to monitor small temperature changes 
that are of interest. Lanthanides like Nd3+, Yb3+ or Er3+ have been as well promising 
thermometric probes due to their high number of emitting states that are strongly dependent 
on thermal energy. However, these systems have also some drawbacks like the self-absorption 
of their emitted energy (blurring the intensity response) and their optical power-dependent 
spectra.92  
The quality of luminescence thermometer is measured through their thermal sensitivity, which 







  (1.3) 
Where P is the parameter used for the thermal sensing. The higher the sensitivity the litter 
changes will the thermometer be able to distinguish. In order to facilitate thermal reading, it is 
preferable that the sensibility is linear with temperature. Otherwise, the analysis would 
become complex and the measurement uncertainty would be enhanced. In general, there are 















1.5.3.1. Intensity-based thermometry 
In this approach, the decrease in the emitted intensity is correlated to the increasing 
temperature. This is produced due to the activation of phonon assisted processes that attract 
the charge carriers to non-radiative deexcitation pathways. In order to obtain a constant 
sensitivity in all the working temperature range it is desirable that the decrease in PL with T 
follows a linear trend.  
1.5.3.2. Spectral position thermometry 
In this case, the temperature raise causes the shift of the spectral position of the PL maximum. 
This feature is mainly determined by the energy difference between the valence and 
conduction band of the nanostructure and it is strongly temperature dependent due to the 
inner properties of the material. 
1.5.3.3. Band-shape or ratiometric thermometry  
In this approach, the temperature reading is based on a luminescent probe that has multiple 
emission bands whose PL intensity strongly varies with temperature. Thus, one emission can 
be considered as reference while the other varies. These bands may come from the same 
structure (e.g. Mn2+ doped QDs) or from two different emitting centers (e. g. In hybrid 
nanostructures containing two different kind of photoluminescent NPs). The ratio between the 
intensity of the two peaks can then be calibrated with temperature obtaining an intensity-
independent temperature reading free from random noise. 
 
1.5.3.4. Lifetime thermometry 
The photoluminescence lifetime () is defined as the time at which the PL intensity decays 
down to 1/e of its initial value. This parameter is inversely proportional to the probability of 
the transition. Due to different temperature related processes like energy transfer processes 
or phonon assisted non-radiative decays,  is strongly dependent on temperature, allowing for 









Objectives of this thesis 
1. The synthesis and detailed optical, and morphological characterization of Ag2S-based 
NPs including passivated and core-shell structures, and their evaluation as possible 
candidates for luminescence thermometry assays in the spectral region NIR-II , from 
1000 to 1400 nm. 
 
2. The preparation of optimized hybrid systems combining Ag2S-based and iron oxide NPs 
to be used as biological markers, nanothermomethers, and heaters, simultaneously. 
These combined capabilities are required for controlled iron-oxide-NPs-based 























Temperature sensing in biological media has become essential in the development of 
diagnostics and therapeutic strategies.91, 94-97 Among the different approaches for thermal 
control, luminescence thermometry is rapidly spreading. The main limitations of this approach 
include: (i) the reading of temperature-induced changes in the luminescence intensity from 
single emission lines and (ii) the short penetration depths of luminescent nanothermometers 
operating in the visible range98, 99 for in vivo applications, along with autofluorescence 
background signals.100 As mentioned in the introductory chapter, the former can be overcome 
by the use of ratiometric-based luminescent nanothermometers (hereafter RLNThs) in which 
the readout is extracted from the ratio between their photoluminescence intensity at different 
wavelengths, and the later requires the use of NPs working in the near-infrared range, in 
particular in the second biological window, expanding from 1000-1400 nm. Some examples of 
RLNThs working in the NIR-II include rare earth doped and co-doped NPs (RE-NPs) or the 
combination, in a single structure, of both RE-NPs and QDs.101-104 In the case of RE-NPs, their 
thermal sensitivity is lower than 0.5%·C-1 and the reduced absorption cross sections per NP 
leads to low signal-to-noise ratios during in vivo experiments. The combination of these two 
factors results in thermal uncertainties typically above 1 °C. On the other hand, hybrid 
nanostructures containing RE-NPs and QDs provide good thermal sensitivities (>2 %·°C-1) but at 
the expense of relatively large sizes (>100 nm) that could limit their application in certain in 
vivo experiments.102  As mentioned in the Introduction, high sensitivity and high penetration in 
vivo temperature sensing requires the design and development of alternative nanomaterials.  
Ag2S NPs have been identified as suitable materials with reported low cytotoxicity and 
excellent heating properties upon optical excitation, which has already triggered their 
application for several in vivo experiments. Despite its potential interest for biological 
applications, the use of Ag2S NPs for thermal sensing has vaguely been explored,48 and never as 
RLNThs in the NIR-II. In this Chapter, a profuse morphological and structural study of the NPs 
has been carried out by advanced microscopy techniques. Additionally, their optical absorption 
has been studied by means of transient absorption spectroscopy (TAS), and the factors that 
affect their emission response are also discussed. Their potential use as RLNThs operating in 
the NIR-II based on both temperature-induced spectral shifting and PL intensity quenching is 
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evaluated. Proofs of concept of the suitability of these NPs as subtissue temperature sensors 
are given by a simple ex vivo experiment. Furthermore, the as-synthesized NPs are subjected 
to a ligand exchange step in order to obtain water-dispersible hydrophilic NPs. This ligand step 
affects especially the surface of the NPs, where these ligands interact with the NPs. The 
possible appearance of surface states or defects was studied using time resolved optical 
techniques to evaluate the quality of the hydrophilic NPs. The potential for in vivo temperature 
measurement of the hydrophilic NPs is finally tested in an in vivo cooling experiment where 
the NPs were injected in the prefrontal cortex of a mouse to monitor the physiological reaction 
in the event of severe body hypothermia. 
 
2.2. Results and discussion 
2.2.1.  Synthesis and morphological, chemical and optical characterization 
The NPs described in this Chapter were synthesized by a thermal decomposition route 
described on Section 2.2 of APPENDIX  I. Similar routes have been used in the synthesis of Ag2S 
NPs,62 yielding samples of an average size between 4-5 nm with a good size dispersity 
(≅±1nm). These samples, however, are composed of two easily differentiated parts: individual, 
well-dispersed and stable NPs in solution (supernatant), and aggregates forming part of a 
precipitate with sizes between 100 nm-5 m, as shown in Figure 2.1a-b. The absorption and 
emission spectra of these samples are depicted in Figure 1c. It can be seen how no excitonic 
features appear in the steady-state absorption spectrum that hinders the determination of the 





























Figure 2.1. a-b) TEM images of the NPs obtained in this synthetic approach, supernatant and sediment, respectively. c) Optical 
absorption and room temperature PL of the NPs d) XRD diffractogram of the as-synthesized NPs  
 
The XRD diffractogram in Figure 2.1.d shows the presence of plane distances that can be 
assigned to the low temperature phase (-Ag2S, acanthite). In order to obtain more 
information about the crystalline and chemical composition of these NPs, HREM inspections 
were carried out. Individual Ag2S NPs show good stability under the electron beam of a TEM 
working at 100 kV of acceleration voltage; however, the aggregates are clearly affected by the 
beam, as it is evidenced in Figure 2.2, where the time evolution of an aggregate under the 
















This effect has not been reported for these NPs but similar observations have been made for 
silver metal organic compounds as it will be discussed in Chapter 3. The high contrast of the 
structures growing from the NPs’ aggregates in comparison with the Ag2S NPs points out that 
the possible chemical nature may be of Ag0 that is reduced due to the electron beam and the 
high reduction potential of Ag+ (E° (Ag+|Ag) = 0.799 V). 
To gain further insights about the NPs, different HRTEM techniques were used in collaboration 
with Miguel López-Haro and Ana B. Hungría at the University of Cádiz. Further HRTEM 
inspections showed that the supernatant NPs were not stable under the beam at the 
acceleration voltage of 200-300 kV, requiring an aberration corrected TEM operating at 80 kV 
to minimize the electron beam damage and Ag+ migration. Figure 2.3 shows Scanning 
Transmission (STEM, Figure 2.3a) and high resolution (HRTEM, Figure 2.3b) images of the as-
synthesized Ag2S NPs. The structural analyses of HRTEM images, using Digital Diffraction 
Patterns (DDP) show a silver multi-twinned core. The small size of the shell (ca. 1 nm) hampers 
the high-resolution observation in that area. NPs have an average size of 4.3±1.5 nm although 
a second population of larger Ag2S NPs is also observed (not shown). The X-ray Energy 
Dispersive Spectroscopy (EDS) mapping images shown in Figure 2.3c-f reveal the presence of 
an Ag rich core (80% Ag, 20% S) surrounded by an Ag2S stoichiometric shell. The presence of 
this structure may result from the low reduction potential of the Ag+ ions and the presence of 
thiols that can act as reducing agents and ligands.105 This is further observed in Figure 2.3g-h 
where the x-ray intensity profile proves the excess silver in the core while the stoichiometric 

































Figure 2.3. (a) HAADF-STEM of Ag/Ag2S NPs recorded at medium magnification. (b) Monochromated HREM images of Ag2S NPs 
showing a Ag multi-twinned core (inset a DDP performed on the marked white square). (d-f) EDS elemental mapping showing the 
spatial distribution of (d) Ag (red), (e) S (green) and (f) Ag+S of the set of NPs shown in (c). The EDS maps are deconvoluted and 
smoothed to improve the visualization. (g) Net X-ray intensity profiles extracted from the white arrow marked in image (f) 
together with atomic quantification of the intensity profile (h). Note how the Ag/S ratio corresponds to Ag2S in the shell region 
(marked in yellow). High resolution images and EDS quantitative information  
 
As discussed in Chapter 1, the optical properties of these NPs are still controversial. There are 
reports including unusual absorption and emission spectra. In one of these reports, it is 
discussed that the formation of defects in the internal structure of the NPs leads to different 
energy levels that generates three emission peaks.106 We have also observed this three-peak 
emission and, contrarily, we correlate it to the absorption of the NPs’ dispersant. Figure 2.4 
shows the PL spectra of the Ag2S NPs dispersed in TCE (Figure 2.4a) and toluene (Figure 2.4b). 
Figure 2.4a also includes the NIR absorption of toluene between 1000-1500 nm as well.  
Indeed, the emission spectrum obtained when Ag2S NPs are dispersed in toluene experiences a 
strong modulation that results in the appearance of three pseudo-peaks at 1142, 1189 and 
1236 nm. Both spectra correspond to the same NPs firstly measured in tetrachloroethylene 






Figure 2.4. Influence on the NPs’ dispersant on their NIR emission 
 
The fact that these peaks disappear when the solvent is changed points out that the line shape 
is not related to intrinsic defects but to radiative re-absorption of the Ag2S NPs emission by the 
solvent molecules. Such spectral modulation has been found to be especially evident when the 
Ag2S NPs are suspended in solvents with C-H bonds. C-H bonds-containing groups show strong 
absorption lines in the 1000-1400 nm range due to highly efficient vibrational overtones 
absorptions, which results in the modulation of the Ag2S emission spectrum.  
Some nanostructures (for example QDs) present discrete energy levels as a consequence of 
the quantum confinement of the photo-carriers, which are evidenced by sharp resonances in 
steady-state absorption spectra. In contrast, as it is observed in Figure 2.1c, the absorption 
spectrum of the here synthesized Ag2S NPs in solution is characterized by a long featureless tail 
and absence of any resonance. This absence of sharp resonances has been discussed in the 
literature,66, 79 although its origin is still not clear. It is however accepted that the main reason 
may be the high exciton binding energy for Ag2S (100 meV)79 that implies a small exciton 
radius. This would imply that the NPs presented here are too big to be inside the strong 
quantum confinement regime, thus presenting bulk-like optical behavior. 
In order to determine the optical band gap of the as-synthesized NPs, Transient Absorption 
Spectroscopy (TAS) measurements were carried out. By means of ultrashort laser pulses, this 













Figure 2.5. Transient absorption spectroscopy of the as-synthesized NPs at different delay times from the excitation pulse in a) 
Colloidal dispersion and b) Deposited on a transparent substrate  
 
The use of this technique on a colloidal dispersion of the NPs (Figure 2.5.a) reveals a strong 
negative band at 1050 nm (1.18 eV) attributed to the photobleaching of transitions from the 
valence to the edge of the conduction band, in fairly good agreement with the bandgap of bulk 
Ag2S. A broad negative TA signal extends towards lower energies being likely caused by a 
combination of pump-induced scattering changes and stimulated emission. Similarly, the 
spectrum of the NPs deposited onto a transparent quartz substrate (Figure 2.5.b) shows the 
broadening of the resonance due to electronic coupling which is promoted when the NPs are 
deposited. It is also observed that, in the film, the resonance shifts with time towards the red 
until 3.7 ps.  This effect can be related to the state filling of the upper energy levels and the 
presence of some accessible levels below the conduction band maximum. The fact that this 
effect is more pronounced when the NPs are deposited may be due to some electronic 
coupling that generates these levels below the conduction band maximum, as a slight red shift 
of the transition is also observed.  
In order to characterize the quality of our semiconductor NC, we studied the PLQY. Despite it is 
one of the most important semiconductor NC quality indicators, as described in the 
Introduction, the measurement of PLQY in the NIR region is challenging due to the lesser 
sensitivity of the infrared detectors compared to the visible range ones, and due to the 
instability of the NIR emitting dyes like those commonly used (IR-125 and IR-26) which are 
easily degraded by oxygen, humidity, and light making the recording of reproducible 
measurements an exhausting task. The absolute PLQY of all the samples synthesized in this 




from the Heriot-Watt University of Edinburg. This method has the advantage of measuring 
directly the amount of absorbed and emitted photons by the whole sample, which results in 
more accurate values than other methods such as dynamics measurements because it 
considers physical limitations like reabsorption. The PLQY of IR-26, which is employed as 
standard, has been recently reviewed after accurate measurements with an integrating 
sphere.107, 108 Details of the procedure are described in Section 2.4.4. of APPENDIX  I. The PLQY 
of the here studied samples was found to be 2.5% in tetrachloroethylene (TCE).  







Table 1. PLQY of the Ag2S NPs depending on the measurement technique 
 
As a comparison, in the case of the NPs synthesized following the same route, the PLQY 
reported in the literature in hexane is 15% when measured using the dye IR-26.109 In our case, 
measured with the integrating similar samples gave a QY in tetrachloroethylene (TCE) of 2.5%, 
which is around 5 times less than the one obtained using the dye, making it difficult to 
compare the yield from these two different methods. As previously stated, the value obtained 
by means of the direct comparison with IR-26 is likely an overestimation caused by the 
instability of the standard dye. While higher values are desirable, our work show that these 
PLQY values are enough to perform optical studies in vivo,110 as will be further briefly 
explained. Different approaches can be followed to increase the PLQY of semiconductor NPs 
like the elimination of surface defects, the preparation of CS structures or other post-synthetic 
treatments. 
 
2.2.2. Luminescence thermometry 
The potential use of this kind of NPs for luminescence thermometry was ascertained by a 
series of experiments detailed in Figure 2.6. The detailed experimental set-up is described in 
Section 2.5.1. of APPENDIX  I. The thermometric characterization was carried out in 
collaboration with Dra. Blanca del Rosal from the Fluorescence Imaging Group led by Dr. Daniel 
Jaque(Universidad Autónoma de Madrid). The thermometric characterization was carried out 
using a spin coated dispersion of the NPs embedded in a flexible polymeric thin film (TF). A 
characteristic Ag2S TF is shown in Figure 2.6a, in which the dark color due to visible absorption 
Technique Solvent PLQY (%) Ref 
Integrating 
sphere 
Tetrachloroethylene 2.5 This work  
IR-26 Hexane 15 109 
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of Ag2S NPs can be clearly observed. The Ag2S TF showed a strong luminescence in the 1000-
1400 nm range under 800 nm laser excitation, as it is evidenced in the fluorescence image 
included in Figure 2.6b. The emission spectrum of an Ag2S TF is included in Figure 2.6c as 












Figure 2.6. Optical properties and sensitivity of Ag2S TF. (a) Optical and (b) infrared fluorescence images of a flexible Ag2S NPs TF. 
The infrared fluorescence image was obtained by using an 800 nm laser for excitation and collecting the infrared luminescence at 
1.3 µm. (c) Emission spectra of the TF from 15 up to 50 C. (d) Temperature evolution of the integrated emitted intensity (Iem) and 
the ratio RR as calculated from emission spectra included in (c). (e) Temperature variation of the thermal sensitivities S I and SR as 
obtained from the analysis of data included in (d). Dots are experimental data and solid lines are guides f or the eye.  
 
As it can be observed, there are two well-observable effects: a strong luminescence quenching 
and a remarkable temperature-induced redshift of the maximum PL wavelength. The former is 
related to the temperature activation of phonon related processes that lowers the possibility 
of radiative recombination. 
The temperature-induced redshift is observed from the emission wavelength centered at λ1 ≈ 
1205 at 15°C to λ2 ≈ 1298 nm at 50 ºC. The wavelength increases linearly with temperature at a 
rate of 2 nm·C-1, which corresponds to a temperature-induced energy shift of 1.7 meV·C-1.  
The change in the PL energy is in good accordance with the value reported for the change in 
the band gap energy of bulk Ag2S.111 
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The fact that the temperature dependence of the Ag2S NPs can be approximated without 
taking into account terms affecting NPs exhibiting quantum confinement confirms that NPs of 
sizes around 4 nm (as evidenced by TEM) are out of that regime.  This result opens the 
possibility of not only using these NPs for the intensity-based temperature reading approach 
but also using the energy change which is less dependent on the environment. It is also 
noticed in Fig. 2.6c that the emission peak is broadened at high temperatures due to the 
energy loss by photons in the temperature activated phonon processes. 
 
As explained in the Introduction, (equation 1.2), the quality of a luminescence thermometer is 
measured through their thermal sensitivity, (S), which is defined as the evolution of a 
temperature dependent parameter, P. For the results shown in Figure 2.6 c, P can be defined 
as RI , the normalized intensity as the result from dividing the integrated emitted intensity at a 
certain temperature by the intensity at a reference temperature (T = 15°C). The integrated 
emission intensity, RI, (Figure 2.6d, data in blue) is reduced by almost 80% when the 
temperature is increased by only 35 °C. Thus, this quenching makes possible temperature 





 . The thermal sensitivity achievable from the 








      
The variation of SI (T), with temperature is included in Figure 2.6e (data in blue). At room 
temperature, SI has been found to be as high as 3%·C
-1, which is almost three times larger 
than the intensity-based sensitivity recently provided by infrared emitting PbS/CdS/ZnS QDs 
successfully used for temperature feedback during in vivo photothermal therapy.22  
Furthermore, the PL response of the NPs’ PL allows for the ratiometric determination of 
temperature.  For thermal sensing purposes we can now define P as the intensity ratio  𝑅𝑅 =
𝐼𝑒𝑚(𝜆2)
𝐼𝑒𝑚(𝜆1)
 as the quotient of the emitted intensities at 1311 nm (𝜆1) and 1235 nm (𝜆2) (see Figure 
2.6.d, data in red).  Similar to RI (T), RR increases with temperature and the thermal sensitivity 








  (2.3) 
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Figure 2.6e (data in red) shows that the ratiometric thermal sensitivity SR is almost 
temperature independent and close to 2 %·C-1. This value is compared in Figure 2.7. to the 












Figure 2.7. Thermal sensitivities reported in the literature for other luminescence thermal sensors in the first (BW-I) and second 
(BW-II) biological window. The color legend depicts yellow as polymers, green as metallic clusters red as semiconductor, black as 
Ag2S and blue as rare-earth doped NPs. The shape stas for: triangle- lifetime based thermometry, square- intensity based, 
diamonds- intensirty ratio. Mixed colors are heterostructures based on two types of NPs 
The ratiometric thermal sensitivity of the as-synthesized Ag2S NPs is comparable to the highest 
thermal sensitivities reported for the widely used erbium-based RLNThs, with the advantage of 
operating in the NIR-II, a requisite for subtissue thermal sensing. Furthermore, when 
comparing with other RLNThs also operating in the NIR-II, it is found that the here reported 
Ag2S NPs provide thermal sensitivities several times higher than those of RE-NP systems such 
as Nd:LaF3 NPs or Nd:Yb core/shell nanostructures (both having thermal sensitivities below 
1%·C-1, Figure 2.7). In addition, the thermal sensitivity of our Ag2S NPs is close to that of hybrid 
nanostructures based on the polymeric encapsulation of PbS/CdS QDs and neodymium-doped 
NPs.102 As mentioned in Chapter 1, the intensity-based approach in luminescent thermometry 
is the most used due to its simplicity but sometimes it is not the most reliable due to the 
possibility of external factors that may produce an intensity change that is not related with 
temperature, such as diffusion. 
 
2.2.3. Subtissue thermometry  
In order to evaluate the ability of these NPs to perform ratiometric LNTh studies in biological 
environments a simple ex vivo experiment was designed (Figure 2.8). A solution containing 
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Ag2S NPs was injected 1 and 4 mm deep into a dead tissue sample followed by the application 
of heat pulses of different time lengths. Figure 2.8b shows the change in the spectral position 
of the PL after the application of a heat pulse. The  temperature increase is calculated on the 













Figure 2.8. Subtissue thermal measurements of colloidal dispersions. (a) Schematic representation of the experimental procedure 
designed for the evaluation of colloidal Ag2S NPs as subtissue thermal sensors (b) Subtissue emission spectra obtained from a 1 
mm deep injection of Ag2S NPs as obtained before and after the application of a 50 s long heating pulse. (c) Time evolution of the 
subtissue temperature increment at a depth of 1 mm as obtained for different durations of heating pulses.  
In particular, the intensity ratio between emitted intensities at 1235 and 1311 nm, previously 
defined as 𝑅𝑅  suffered a reduction close to 40 %, revealing a temperature increment at the 
injection site close to 20 C. 
The experimental arrangement schematically drawn in Figure 2.8a does not only allow for a 
quantification of the subtissue temperature increment (Tstiss) but also to monitor its time 
evolution (Tstiss(t)). To do so, the emission spectrum generated by the injected NPs was 
measured every 2 s before, during, and after the heat pulse. The calculation and calibration of 
the intensity ratio leads to the time profile of the temperature at the injection site. Figure 2.8c 
shows the time evolution of Tstiss at a depth of 1 mm as obtained for different durations of 
the heat pulse. In all cases, temperature is found to increase during the heating pulse, being 
the maximum temperature increment higher for longer heating pulses. This is clearly shown in 
Figure 2.8d, in which the maximum temperature increment (Tmax, obtained at the end of 
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heating pulse) is represented as a function of pulse duration. The maximum temperature 
increment is found to be, in a first order approximation, proportional to pulse duration, as 
could be expected since the total energy deposited in the tissue is proportional to the heating 
time. Therefore this experiment proves the ability of the NCs to perform intensity and spectral 
position based thermometric measurements with high sensitivity and to monitor in real time 
their evolution. 
2.2.4. Preparation and optical study of water-dispersible NPs 
In order to use the as-synthesized NPs in biological applications it is mandatory to replace the 
native hydrophobic ligands used for their synthesis for hydrophilic and biocompatible ones. To 
obtain individual water-dispersible Ag2S NPs, a ligand exchange strategy was developed using a 
thiol-modified polyethylene glycol polymer (PEG-SH). Through rough sonication in the 
presence of a high excess of the polymer, the aggregates can be broken and the NPs 
transferred to a stable dispersion in aqueous media including phosphate buffers (PBS), 
necessary for biological studies (see details in Section 2.4 of APPENDIX I). This ligand exchange 
process is tedious, not very efficient, and causes a slight increase in the NPs size (see Figure 

















Figure 2.9. a-c) TEM and PL characterization of organic dispersible NPs and d-f) TEM and PL characterization of water dispersible 
NPs. A dilute water solution containing the Ag2S NPs is shown in g). 
 
As observed in Figure 2.9f, the as prepared water dispersible NPs retained the NIR PL inside 
the second biological window, necessary for optimal imaging and temperature sensing. The PL 
appears in Figure 2.9f deformed due to the absorption of water, contrary to pristine NPs that 
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can be dispersed in TCE to obtained PL spectra without solvent absorption features (Figure 
2.9c). No polar solvent without absorptions bands in that wavelength interval has been found. 
After the ligand exchange process, the NPs preserve their high thermal sensitivity in intensity 
based thermometric measurements as observed in Figure 2.10. Consequently, these NPs can 
be used successfully as intensity-based LNThs in aqueous media. However, the spectral 
position approach is lost due to the absorption of water that blurs the peak maximum, making 
the ratiometric measurement not as reliable as it was before the ligand exchange. 
Figure 2.10. Intensity based luminescence thermometry measurements 
 
The PL emission of water dispersible NPs is reported to be strongly dependent on the 
environment which could lead to intensity changes when the NPs find regions with different 
pH due to the own tissue or metabolic changes.112 However, the as-synthesized NPs are 
capable of enduring pH change up to 1 unit with an intensity change of less than 1.2%. The 
PEG-SH coverage makes robust luminescent probes ready to be used in different biological 























Figure 2.11. Intensity change due to the presence of acidic pH 
 
As extensively reported for QDs, the ligand exchange process affects the surface of the NPs 
(where ligands are bound). As previously discussed, the surface of the NPs has a significant 
influence in their PL. The low coordination number of the surface atoms compared to the one 
of the bulk may lead to the formation of mid-gap states that ease non-radiative recombination 







Figure 2.12. Scheme of the radiative and non-radiative dexcitation paths. 
 
The ligand exchange process can be a source for the formation of this kind of surface defects, 
especially when it involves rough sonication. In order to study the effect of the ligand exchange 
process in the surface of the NPs, a time-resolved PL study was carried out as shown in Figure 
2.14. These spectra were acquired by Harrisson Santos form the group of Dr. Carlos Jacinto in 





















































































































































































































































Figure 2.14. Room temperature luminescence decay curves of Ag2S NPs in toluene and water. 
 
Despite the colloidal solutions of Ag2S NPs in water and toluene showed similar emission 
spectrum, their fluorescence decay at room temperature curves were found to be remarkably 
different, as it can be appreciated in Figure 2.14. The differences in the  PL emission decay 
dynamics of these two samples could be attributed to different surface-related phenomena 
and not to a size effect, as in both cases the size of the NPs is well above that producing 
quantum confinement effects. Furthermore, no differences in their morphology are observed 
in the TEM images. On one side, hydrophobic Ag2S NPs dispersed in toluene showed a single 
exponential decay.113 According to previous works, this behavior suggests that in this case 
surface related nonradiative de-excitations (via surface defects or environment assisted 
multiphonon relaxations) are not a main deexcitation pathway for photoexcited electrons. 
Thus, the observed single exponential decay obtained for hydrophobic Ag2S NPs dispersed in 
toluene reveals the single contribution of “bulk” radiative relaxations. This result is consisting 
with the dense surface-coating of the as-synthesized NPs whose surface is well isolated from 
oxygen and other reactive species that may degradate the NPs’ surface.  Under this 
assumption, we can state that the room temperature “intrinsic” bulk fluorescence lifetime of 
the hydrophobic Ag2S NPs is close to B≈180 ns. Differently from the hydrophobic NPs, the 
PEG-SH coated hydrophilic Ag2S NPs dispersed in water showed an evident nonexponential 
decay. Fitting the decay curve obtained at room temperature a fast and a slow decay times of 
τS
PEG=17 ns and τB
PEG =140 ns, respectively are obtained. The differences between 
fluorescence decay curves of Ag2S NPs in toluene and water can be unequivocally attributed to 
surface-related processes. These values can be compared with those previously reported for 
Ag2S NPs with bi-exponential decays. Again, a large variety of results have been found. The 
slow and fast lifetime values obtained for the here studied NPs are found to be significantly 
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larger than those reported by W.J. Mir et al.106 (1 and 11 ns) but comparable to the values 
found by P. Jiang and co-workers54 (10 and 75 ns). However, our results are in good agreement 
with the ones obtained by Zhang et al.66 These last  NPs are synthesized in a heat-up route 
based on AgDDTC while the others are not, which again shows the high dispersity in the results 
obtained for these NPs depending on the synthetic route.  
2.2.5. In vivo brain thermometry 
The as-synthesized hydrophilic Ag2S NPs were successfully used for the in vivo temperature 
measurement inside a mouse’s brain. The experiments were carried out by members of the 
Fluorescence Imaging Group led by Dr. Daniel Jaque at UAM, in particular, by Dr. Irene Chaves 
Coira, Dr. Nuria Fernández, and Dr. Luis Monge from the Faculty of Medicine in the 
Universidad Autónoma de Madrid. In a first stage, an ex-situ calibration temperature 
experiment was performed to correlate PL intensity and temperature. Further, the NPs were 
injected subcranially at the prefrontal cortex of the mouse using a syringe, as depicted in 
Figure 2.14.a. Thanks to the high penetration of the NIR-II photons in biological tissues, the 
emission from the NPs was able to propagate from the interior of the brain up to the NIR 
camera from which the intensity could be read and transformed into a temperature reading. 
The laser used for the NPs excitation operated at 822 nm and worked in a time modulated 
regime with a delay of 100 s between pulses in order to avoid the laser-heating as a 
consequence of the skin and tissue absorption. The overlaid PL and brightfield images of NPs 
injected in the brain of a mouse can be observed in Figure 2.14b. The mouse was subject firs to 
a moderate temperature increase (below 7 degrees). From the PL signal of the previously 
injected NPs, temperature measurements can be recorded and compared to those obtained by 
infrared thermography (data not shown). These studies also evidenced the brain 




Figure 2.14. a) Scheme of the in vivo brain temperature measuring, b) Injection site c) Temperature change of the reactal, body 
and brain temperature of the mouse during a cooling process using a spray of isopropanol.  
In this scenario and, in order to decrease the body temperature, the mouse was sprinkled with 
isopropanol. The cooling process was followed using a rectal thermometer, a thermographic 
camera to measure the skin temperature and using the change in the PL of the NPs ex vivo as 
shown in Figure 2.14c. Using the change of the PL of the NPs it was found that even when the 
body temperature falls up to 15°C the temperature inside the brain falls only 3°C with a much 
slower dynamic. Under further induced-comma scenarios (not shown), where the activity of 
the brain ceases, the NPs were capable to detect temperature changes below 1 degree. Thus, 
this result shows that Ag2S NPs are efficient systems for simultaneous imaging and 
thermometry with high sensitivity. 
 
2.3. Conclusions 
Ag2S nanocrystals have been synthesized using a previously reported heat-up route obtaining 
NPs with a dense surface coating that promotes the formation of aggregates of different sizes. 
The synthetic approach allows for the synthesis of NPs with narrow size distribution. HRTEM 
studies reveal the presence of NPS with a rich silver core. Although the effect of this core in 
their optical properties is still unclear, their optical bandgap could be determined by TAS 
measurements. Through different experiments these NPs have been found to be optimum for 
intensity and spectral position luminescence thermometry due to their high sensitivity and 
their ability to work even in a ratiometric approach with a temperature-independent 
sensitivity. The ability of the as-synthesized NPs for temperature sensing was first tested in an 
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ex vivo approach in which the NPs successfully monitored temperature changes due to laser-
induced heating of dead tissue.  
A new one-step ligand exchange procedure has been developed in order to successfully 
transfer these NPs to aqueous solutions, obtaining stable dispersions. Even though the change 
in the surface ligands causes the forming of surface defects states as observed in transient PL 
spectroscopy measurements, these NPs can be used for the in vivo temperature measurement 
maintaining their thermometric properties unchanged and showing good robustness even in 
acidic media since only the surface results affected after the ligand exchange and not the 
emissive core. 
The final test for the applicability of the as-synthesized NPs was proven in a complex in vivo 
experiment inside a mouse’s brain. The approach used for the experiment was intensity based 
due to the absence of possible diffusion (the injection was directly in the organ) and for the 
sake of experimental simplicity. The NIR PL allowed for the penetration through brain, bone 
and skin of the animal. This high penetration allowed for the monitoring of intensity changes 
that were successfully ascribed to temperature changes during different heating /cooling 
experiments. Thanks to this set-up and the high sensitivity of the NPs it was possible to 
observe the brain thermoregulation during an induced hypothermia, probing that these NPs 





























Chapter 3. Novel hot injection route for the preparation of Se 
covered and core/shell Ag2S-based NPs  
3.1. Introduction 
 
As discussed in Chapter 2, the heat-up synthesis of Ag2S NPs produces aggregated NPs with an 
Ag-rich core. The observation of this aggregation has been reported since the early studies of 
Ag2S NPs40-42, 114 and it is also mentioned in more recent ones.115, 116 In these reports, the 
formation of aggregates is ascribed to the high degree of monodispersity of the sample and 
the interdigitation of the thiolated ligands covering the NPs surface. However, not all highly 
monodisperse NPs synthesized using thiol ligands exhibit the formation of this kind of 
aggregates. This is indeed observed in the case of the synthesis of other metal sulphide NPs 
like Cu2-xS, when using heat-up routes with alkylthiols.117 The reason for the aggregation has 
not been deeply explored, but one report points out that primary amines as useful reactants to 
prevent it.118 Despite the poor stability in dispersion of the aggregates, one of the main 
drawbacks of this kind of NPs is, as many authors have emphasized, the difficulty to further 
use these metal-sulfide NPs due to this dense surface coating thus reducing their potential 
applications.119-123 For these reasons, the disaggregation of such NPs arrangements is essential 
for the applicability of these NPs. The main objective of this Chapter is to understand the 
formation of the heat-up based NPs and to develop an alternative route in order to obtain 
individual NPs with a different surface coating. To this aim, the reaction of silver (I) 
diethyldithiocarbamate (AgDDTC) and 1-dodecanethiol (DDT), which are the main reagents in 
the heat-up synthesis, has been studied by different techniques in order to identify the cause 
of the aggregation.  
After that, stable Ag2S NPs that can be further used as seeds to obtain Se-passivated Ag2S NPs, 
Ag2S(S,Se) NPs, as well as Ag2S-ZnS core-shell (CS) NPs, with improved optical properties.  
As described in Chapter 1, the production of CS NPs is a successful strategy to optimize the 
optical properties of QDs in terms of PLQY values. The addition of layers of different 
semiconductor materials with higher energy band gaps (Type I CS NPs) allows for a more 
efficient charge carriers confinement and yields a dramatic increase of the PLQY. To synthesize 
an effective coating the crystalline structures of the core and shell materials must be carefully 
chosen. If the interface between both materials is not smooth (i.e large mismatch between the 
lattice parameters), trap states promote non-radiative de-excitation paths, thus reducing the 
PLQY. For CdSe, PbS and PbSe the most employed materials fulfilling these requirements are 
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CdS or Zn chalcogenides, because of their high bandgap and the appropriate matching 
between their crystalline lattice parameters.124 In the case of Ag2S, no homogeneous core/shell 
structure has been synthesized so far due to its uncommon monoclinic crystalline phase at RT. 
Only matchstick hybrid heterostructures have been successfully synthesized using ZnS, without 
any PL improvement with respect to Ag2S NPs.115 Therefore, the development of core/shell 
structure in Ag2S is key in order to compete with other NIR emitters like PbS or PbSe, showing 
much higher PLQY values (up to 60%), but with important restrictions for biological studies due 
to their content of toxic heavy metals. In this Chapter, it is described how the new synthetic 
procedure along with a low temperature shell growing route allows the formation of core/shell 
Ag2S/ZnS with improved optical properties. This strategy is complementary to others that also 
seek for enhance PLQY value, such as doping or ultrafast laser pulses irradiation-based post-
treatments.125  
Thanks to the here reported studies discerning the reason of the aggregation, the newly 
proposed synthetic approach and the possibility to further tune the composition of the NPs, 
Ag2S, Ag2S(S,Se), and CS Ag2S/(Ag2S,Se)/ZnS NPs can be synthesized and easily transferred to 
water achieving samples up to 6 times brighter than commercially available Ag2S NPs 
dispersions. The chemical state and composition of all systems has been ascertained by X-Ray 
Absorption Spectroscopy (XAS) experiments at different absorption edges, using a synchrotron 
X-ray source. 
 
3.2. Results and discussion 
3.2.1. Identification of the reaction intermediate 
It is known that the addition of metal salts to solutions that contain 1-dodecanethiol (DDT) 
form the corresponding metal dodecanethiolate. In the case of metals such as Au,126 Cu,127 
Pd,128 Ag,129 Ni130 or Pb131 the resulting dodecanethiolate salts form polymeric structures with 
different phases: columnar, lamellar or amorphous. Particularly, in the case of Ag, the reaction 




   Scheme 1: Formation of AgSC12H25 in the reaction conditions 
 
These polymers present high decomposition temperatures ranging from 200°C to 300°C.129 
Indeed, due to their high thermal stability, they have been used as templates for the synthesis 
of nanostructures of different shapes like sheets or wires.132 In our case, the reaction 
intermediate between AgDDTC and DDT was isolated and studied by XRD and NMR. The 
presence of AgSC12H25 in the course of the reaction was confirmed by a simple XRD study as 
shown in Fig 3.1, where the XRD diffractograms of the AgDDTC used as silver precursor in the 
synthesis, AgSC12H25 produced following a previously reported route,133 and the reaction 
intermediate are compared. 





The diffractogram of the intermediate matches very well the structure of the silver polymer 
indicating that the compound undergoing the thermal decomposition that starts the NPs’ 
nucleation must be AgSC12H25, and not the AgDDTC used as silver precursor. 
The high colloidal solubility and stability of the AgSC12H25 intermediate allows for its 
observation by TEM. As observed in Figure 3.2, the shape of the intermediate (Figure 3.2.a-b) 
reminds that of the aggregates obtained in heat-up routes (Figure 3.2.c-d), suggesting that the 
NPs may be embedded in this polymer. Indeed, the ability of metallic thiolates to embed other 
metal chalcogenide NPs has been previously observed for Cu2-xS obtained by thermal 
decomposition from copper dodecanethiolate and octanethiolate.134 In order to confirm that 
this reaction intermediate drives the final surface chemistry of the as-synthesized NPs, 
different studies were carried out by means of NMR, a surface sensitive technique.  
 
Figure 3.2. a-b) TEM images of the reaction intermediate and c-d) Low magnification TEM images of NPs arrangements 
 
NMR offers a versatile toolbox to identify the nature of the different ligands and their strong 
or labile interaction to the NC surface.135 Figure 3.3 compares the 1H NMR spectra of (a) DDT, 
(b) a dispersion of Ag2S NPs produced by heat-up and (c) the intermediate AgSC12H25. As 
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evidenced, most of the signals present in the Ag2S NPs spectrum (b) are shared by the metal-
organic polymeric product signals (c), and related to the protons in the  and  positions to 
the thiol group in the DDT spectrum (a) at  = 2.50 ppm and  = 1.60 ppm, respectively. The 
existence of DDT associated to colloidal quantum dots of different compositions or CuInS2 NPs 
has been reported as a broad peak between 2.5 and 2.7 ppm.121, 136 The presence of DDT, both 
as a free specie or bound to the surface of our NCs, is discarded by the absence of these signals 
in the spectrum shown in Figure 3.3.d.  
 
Figure 3.3 1H NMR spectrum of A) DDT, B) NPs synthesized by heat-up route A and C) the reaction intermediate (silver (I) 
dodecanethiolate). Signals marked in purple correspond to dodecanethiol, in green correspond to dodecyl disulfide and in red to 
silver (I) dodecanethiolate. Signals marked with three, two and one star (*) correspond to residual toluene, acetone and water, 




The signals at 2.70 ppm and 1.65 ppm (marked in green), which are present both in the 
polymer (AgSC12H25) and the NPs spectra, are assigned to the  and  protons of the disulfide 
group in dodecyl disulfide (C12H25SSC12H25), a well-known side product in the synthesis of metal 
sulfide NPs, produced upon the oxidation in the course of the reaction of DDT.119, 137  
Likewise, the AgSC12H25 and the NPs spectra share a triplet signal at 2.95 ppm related to the -
protons to the thiol group in the polymer. This signal, along with those related to dodecyl 
disulfide, are narrow and show multiplicity, suggesting that they are species can be forming 
part of the ligand shell, but are not directly anchored to the surface. In contrast, the spectra of 
the NPs exhibit two additional broad signals centered at 1.95 and 3.10 ppm. Their widths 
suggest a strong interaction with the NPs surface, which is confirmed by the Diffusion-Ordered 













Figure 3.4 DOSY spectrum of NPs synthesized by the heat-up route. Signals are recorded using a diffusion time of 250 ms. From 






In this spectrum, two different sets of signals can be distinguished (apart from those coming 
from solvents marked with asterisks): signals with diffusion coefficients far from bound species 
(～1·10-9 m2/s), and two signals with diffusion coefficients of 1.4·10-10 m2/s, a reasonable value 
for tightly bound ligands to NPs surfaces.138 The first set of signals is related to free AgSC12H25 
(at =2.95 ppm) and dodecyl disulphide (at  = 1.65 and  = 2.70 ppm). The second set of 
signals at = 3.10 and  = 1.95 ppm, is associated to the AgSC12H25 polymer. Applying the 
Stokes-Einstein relation (see Section 3.8 of APPENDIX I),135 the hydrodynamic diameter of 
these species is calculated to be 5 nm, close to the size of the NPs observed in TEM images of 
the heat-up NPs (see Chapter 2). 
 
3.2.2. Synthesis of monodisperse Ag2S NPs based on a hot injection route 
Silver salts are generally very insoluble and, in the case of these high molecular weight Ag-
containing polymers, the only reported solvent is toluene near its boiling point (110°C).139 The 
dissolution mechanism that these polymers undergo is still not clear, but several authors have 
postulated that, once these species are solubilized, monolayers of the metal alkylthiolate 
appear free-standing in solution.128 In order to prevent the formation of stacks of these 
monolayers, toluene was used as solvent in the reaction. The injection of a sulfur source (sulfur 
powder dissolved in oleylamine, S-OLA) in this medium allows the nucleation of NPs. The S-
OLA solution contains alkylammonium polysulfides at RT. However, upon heating, H2S is 
produced causing the rapid formation of metal sulfide NPs upon injection.140 The nucleation of 
the NPs in this synthesis takes place rapidly, as evidenced by the instantaneous change of 
colour of the reaction medium, from yellow to black, in sharp contrast with the slow colour 
change observed in heat-up routes. Figure 3.6a-b shows the result of the proposed hot-
injection route, where the presence of non-aggregated but isolated NPs is evident. As 
discussed in Chapter 2, the heat-up synthesis yields Ag2S NPs with an Ag-rich core. However, 
the hot-injection NPs consist of pure Ag2S NPs, as can be concluded from the HRTEM studies 
shown in Figure 3.6 performed by Dr. Almudena Torres Pardo from the group of Dr. José María 






Figure 3.6. (a) and (b) TEM images of Ag2S NPs obtained by the hot injection route at different magnifications. (c-e) EDS elemental 
mapping showing the spatial distribution of (c) Ag (green), (d) S (orange), and (e) Ag and S of the set of nanoparticles shown in (g). 
(f) HTREM images of Ag2S nanoparticles. Insets show the FFT performed on each nanoparticle. g) HAADF‐STEM of Ag2S NPs used 
for the EDS mapping analysis. (h) Representative EDS spectrum of a NC. The corresponding X‐ray intensity profiles extracted from 
the white arrow marked in image, (i) Atomic percentage of the previous intensity profile revealing Ag2S composition for the NPs. 
Figure 3.6c-e shows the elemental mapping distribution of the HAADF‐STEM image of Figure 
3.6g acquired in an aberration-corrected JEOL-JEM ARM300cF microscope operating at 80 kV 
in order to minimize the electron beam damage. The distances and angles obtained from the 
images and FFT analysis (Figure 3.6f) correspond to monoclinic acanthite Ag2S phase (α-Ag2S). 
The homogeneous distribution of Ag and S is revealed by the analysis of the EDS spectrum 
(inset of Figure 3.h) across the NC marked with an arrow in Figure 3.6e. The corresponding X-
Ray intensity profile shown in Figure 3.6h as inset, as well as the quantification of the intensity 
profile shown in Figure 3.6I, confirm the presence of NPs with a composition close to the 
stoichiometric Ag2S. The -Ag2S phase acanthite is also acertained by XRD measurements, as 
shown in the diffractogram shown in Figure 3.7, showing peaks corresponding to the (-112), (-
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121) and (200) planes. The broadened peaks are the result of the nanocrystal size, which is 
estimated in 7.9 nm following the Scherrer formula, a size in relative good agreement with the 









Figure 3.7. XRD diffractogram of the Ag2S NPs synthesized by the newly described synthetic procedure 
 
This synthetic route does not allow fine emission wavelength tunability due to a combination 
of the rapid growth of the nanocrystals and the limited size-range to observed quantum 
confinement effects, as discussed in Chapter 2. This low tunability and the size-PL relation 
matches the ones obtained in non-polar syntheses as compared to data presented in Figure 
1.8. (Chaper 1).125 Therefore, as it is shown in Figure 3.8a, the absorption and the PL emission 
spectra hardly change during growth for NPs above 6 nm. On the other hand, the emission 
lineshape suffers a modulation as a consequence of the optical absorption of water after 





Figure 3.8. a) Optical absorption and photoluminescence spectra of different aliquots of Ag2S NPs with different sizes (specified in 
the legend) and b) optical absorption and photoluminescence spectra before (dark red) and after (dark blue) the ligand exchange 
procedure. Red line corresponds to NPs in tetrachloroethylene (TCE) and blue line for NPs transferred to water.  
 
The role of OLA in this synthesis is not only the activation of sulfur to produce H2S, but also to 
define the final surface chemistry of the NPs, as evidenced in the 1H NMR spectra shown in 
Figure 3.9. Indeed, OLA is found to bind strongly to the surface of these NPs, as suggested by 
the broad peaks at  = 5.3 ppm and  = 2.0 ppm in the 1H NMR spectrum. In these samples we 
can also observe narrow signals from dodecyl disulfide and free AgSC12H25, suggesting that 
these species might be intercalated between the anchored OLA ligands. However, no evidence 
for the broad signal at  = 3.10 ppm can be distinguished, which confirms the absence of 
anchored AgSC12H25 to the NPs surface.  
Figure 3.9. 1H NMR spectrum of a) Oleylamine and b) NPs synthesized by the hot injection route. 
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The importance of this difference in the NPs’ surface is that the Ag2S NPs obtained by this 
novel route, free of the AgSC12H25 polymer as ligand, are easily ligand-exchangeable with 
water-soluble polymers like thiol-modified polyethylene glycol, providing bright water-soluble 
NPs stable in solution for months. The evidence for a better ligand exchange process due to 
the presence of OLA on the surface of the NPs is studied by Inductive Coupled Plasma Optical 
Absorption Spectrometry (ICP-OES). When heat-up NPs are exposed to a ligand exchange 
procedure, only 15% of the silver mass in the NPs is transferred to water. However, when the 
hot injection NPs are exposed to the same ligand exchange procedure, 67% of them end up in 
the aqueous phase. Thus, the elimination of the dense coating of the polymer is a major 
advantage for post-reaction treatments of the NPs.  
 
   Table 3.1. Ligand exchange yield measured by ICP-OES 
 
3.2.3. Synthesis and optical properties of  Ag2S/Ag2(S,Se)NPs 
 
The disaggregation and good colloidal stability provided by this route allows not only for an 
easier ligand exchange, but also for further control of their optical properties by post synthetic 
procedures. The aggregation and dense coating of the heat-up synthesized NPs has hindered 
their controlled surface modification due to the dense coating that prevents the NPs to react, 
individually, with new chemical species. However, the novel hot-injection synthesized NPs can 
be used as seeds for the preparation of more complex structures with improved properties. 
The addition of a solution of Se powder in TOP (Se@TOP) in a quantity equivalent to the 
growth of roughly a monolayer of Ag2Se on the surface of the NPs yields NPs with improved 
optical properties while maintaining their size dispersion as observed in Figure 3.10. Figures 
3.10a-b correspond to TEM images of Ag2S NPs after the treatment with Se@TOP. Figure 
3.10.c shows an histogram with the size of those treated NPs, with a mean size of 8 nm, what 
implies the growth of about 1 nm respect to the Ag2S seeds while the size dispersity is 
Sample Ag+ mass in chloroform 
(mg) 




Heat-up NPs 1.923±0.008 0.282±0.005 15 
Hot injection NPs 1.536±0.004 1.022±0.001 67 
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maintained. Thus, the addition of Se increases the NP size around 1 nm in diameter and slightly 
shifts the PL response to the red, as observed in Figure 3.10.d. 
The addition of a higher quantity of Se does not generate an improvement in their optical 
















Figure 3.10. a) and b) TEM images at different magnification of the as-synthesized Ag2S/(Ag2S,Se). c) Size dispersion of the NPs and 
d) PL evolution since the Se@TOP injection 
 
The increase in the PL intensity can be easily observed in Figure 3.11.a, where a comparison of 
the PL intensity of Ag2S and Ag2S NP treated with Se at =822 nm is shown. The QY measured 
using an integrating sphere (Figure 3.11.b) was found to be up to 3 times higher than that of 
the original Ag2S NPs. The fact that the PLQY of the hot injection NPs in organic media is lower 
than the one of the heat-up synthetized NPs (PLQY=2.5 %) might be related to the surface. As 
discussed in Chapter 2, surface capping is one of the most critical parameters in the emission 
efficiency in NPs. The dense coating around the NPs produced by means of the heat-up route 





core. In contrast, the hot injection NPs’ surface, with a lighter surface density is more exposed 








Figure 3.11. a) Comparison of the PL of Ag2S and Ag2S/(Ag2S,Se) NPs at exc=822 nm and b) PLQY measured using an integrating 
sphere 
Furthermore, and importantly, according to its 1H NMR spectrum (Figure 3.12), the growth 
step in the presence of Se does not modify the ligand sphere of the hot-injection NPs, allowing 
for similar ligand exchange procedures as the one developed for the previously described Ag2S 
NPs.  




Since the main application of these NPs requires their aqueous compatibility, rather than PLQY 
values in organic media, those in water or a fair comparison of their PL in aqueous media are 
far more relevant. 
Figure 3.13 shows the comparison of Ag2S NP and Ag2S/Ag2(S,Se) NPs produced by hot-
injection compared with commercial ones, presumably synthesized by heat-up methods. All 
samples have the same optical density (0.1 a.u) and have been excited at the same wavelength 
(822 nm).  As it can be observed the PL of Ag2S/Ag2(S,Se) NPs is 3 times more intense than that 
of the commercial Ag2S NPs. Thus, the Se coating successfully allows for the improvement of 
the PLQY even after the ligand exchange. This hot-injection method allows for the synthesis of 









Figure 3.13.  Comparison of the PL between Ag2S, and Ag2S/Ag2(S,Se) NPs both produced by hot-injection and commercial ones . 
 
3.2.4. Chemical and structural composition of the Ag2S/Ag2(S,Se) NPs 
In order to elucidate the incorporation of Se in the Ag2S matrix (its location on the surface or in 
the volume), EDX and EELS studies were performed in an aberration-corrected JEOL-JEM 
ARM300cF microscope. However, due to the low quantity of Se in the samples EDX mapping 
was not able to properly resolve the structure. For this reason, XAS studies including XANES (X-
Ray Absorption Near Edge Structure) and EXAFS (Extended X-Ray Absorption Fine Structure), 
were performed by our collaborator Martín Mizrahi from Félix G. Requejo’s group, at the 
Universidad Nacional de La Plata (Argentina). The results at the Ag L3- and S K-edges can be 
seen in Figure 3.14A and 3.14B for Ag2S NPs before and after ligand exchange and with and 
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without Se. As can be seen in Figure 3.14A, the XANES spectra at the Ag L3-edge in Total 
Electron Yield (TEY) mode, are almost identical in all samples. The same results are obtained 
from the signal acquired in fluorescence mode (not shown here). The shape of these spectra is 
also similar to those that present for reference materials, Ag2S, Ag2Se141 and for silver NPs with 
dodecanethiol.142 Thus, a clear identification of the formed species is not straightforward in 










Figure 3.14. XANES spectra of the studied Ag2S samples before and after ligand exchange, and with and without Se, performed in 
TEY mode at the Ag L3-edge (A) and S K-edge (B). (C) XANES spectra of the studied Ag2S samples before and after ligand exchange, 
and with and without Se, performed in fluorescence mode at the S K-edge. (D) XANES spectra of the Ag2S/(Ag2S,Se) sample, 
performed in fluorescence mode at the Se K-edge.  
 
XANES spectra at the S K-edge taken in TEY mode (Figure 3.14B), show a main contribution at 
2473 eV (vertical solid line) associated to the presence of S-2 in all samples. Ag2S NPs after 
ligand exchange (denoted as Ag2S hydrophilic NPs, red line), present other two resonances at 
2476 eV (vertical dashed line) and 2481 eV (vertical dashed-dotted line), corresponding to the 
presence of sulfur with valence states +4, and a mixture of +5 and +6, respectively. It is worth 
to note that these resonances do not appear in the hydrophilic sample with Se, and were not 
observed in any of the samples when the absorption signal is taken in fluorescence mode 
(Figure 3.14c), being in this last case all the signals measured corresponding to S-2. 
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TEY mode is sensitive to the surface atoms state, while the fluorescence mode is volume 
sensitive, giving an averaged information from the whole NC. The comparison of both spectra 
shows that the Se atoms are located on the surface of the NPs, preventing the oxidation of S 
when the sample is in aqueous media. This extra layer is not only favoring the PLQY of the NPs 
but is also acting as a protection layer that isolates their surface from the air oxidation 
improving their long-term stability. However, the XANES spectra do not present any 
information about the chemical state of Se in the Ag and S absorption edges due to the 
difference in the concentration of Ag and S compared to the one of Se. For this reason, XAS 
measurements (XANES and EXAFS) were performed at the Se K-edge. The XANES region 
performed in fluorescence mode (Figure 3.14D) for Ag2S NPs treated with Se@TOP show all 
the features present in the spectrum corresponding to the Ag2Se reference sample,143 and 
completely different from the spectrum of metallic Se, so the presence of Se0 covering the NPs 
can be discarded. The Se atomic distribution in the Se-treated NPs was analysed by probing the 
local structure around Se atoms by EXAFS. This technique provides structural information of 
both homogeneous and non-homogeneous nanomaterials by the analysis of the fitted 
averaged coordination numbers and interatomic distances.144 Figure 3.15A shows the 
magnitude of the Fourier Transform (FT) of the EXAFS oscillation obtained at the Se K-edge, 
and simulated spectra using FEFF code145 for Ag2Se and SeS2. The FT of the sample presents 
two principal peaks at 1.8 Å and 2.5 Å (without phase correction). These contributions are 
approximately in the same positions that the obtained for the Ag2Se structure, in accordance 





Figure 3.15. A) k2-weighted Fourier Transform of the EXAFS oscillation for the Ag2S/(Ag2S,Se) NPs (black line), simulated spectra 
obtained using the FEFF code for Ag2Se (green line) and SeS2 (blue line). B) k2-weighted Fourier Transform of the EXAFS oscillation 
for the Ag2S/Ag2(S,Se) NPs (circles), together with the fitting models proposed: one shell Se-Ag (red line) and two shells Se-Ag and 
Se-S (green line).  
 
We can observe a difference in the intensity ratio between these peaks, being roughly 1/2 for 
the studied sample, and roughly 1/3 for the theoretical structure of Ag2Se (see Figure 3.15A). 
This difference can be attributed to the presence of some S atoms in the neighborhood of Se. 
To verify this hypothesis, two fit models were proposed. The first one considers only one shell 
of Ag atoms around the Se sites. The result of the fit is shown in Figure 3.15B (in red), and as it 
can be seen, its quality is not satisfactory enough, especially for the first peak. The second 
model, which adds a new coordination shell for Se, containing S atoms, shows a much better 
fitting result (Figure 3.15B (in green) and Table 1 in Section 3.7 of APPENDIX I.  
The Ag2Se alloy has seven Ag atoms as first neighbors of the Se ones, with interatomic 
distances (RSe-Ag) between 2.7 and 2.9 Å. For the sample treated with Se, the average 
coordination number (NSe-Ag) obtained from the fit (NSe-Ag= 2.8, see Section 3.7 in APPENDIX I) is 
lower than expected (i.e. seven Ag atoms), and also the presence of some S atoms in the 
structure is needed to improve the quality of the fit (Figure 3.15B). The presence of some S 
atoms in the structure would lead to a reduction in the NSe-Ag, but this could not fully explain 
the reduction found. On the other hand, the reduction in the NSe-Ag can be a consequence of 
both, the nanometric size of the NPs and the superficial location of Se in the NPs. Indeed, 
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those Se atoms on the surface of a NC contribute with a lower NSe-Ag that those in the bulk. 
Thus, for a NC of about 8 nm of diameter (according to TEM measurements), a reduction of 
less than a 5% in the NSe-Ag can be expected. Since in these NPs the decrease is higher (60%), to 
explain this additional reduction for the NSe-Ag, it is necessary that the Se atoms form an 
Ag2S/(Ag2S,Se) structure, preferably in a thin layer (less than 1 nm) over the surface of the Ag2S 
NPs.  
 
3.2.5. Synthesis and optical properties of Ag2S/(Ag2S,Se)/ZnS NPs 
The amount of available surface on the individual Ag2S/(Ag2S,Se) NPs synthesized by the hot-
injection route allows for more post-synthetic reactions. As previously discussed, the growth of 
semiconductors of different nature on Ag2S is a tricky task due to the impossibility of using 
classical shell growing techniques for this semiconductor. Treatments at high temperatures 
cause the irreversible quenching of the PL in these NPs due to ripening. Consequently, other 
techniques are required for the growth of this kind of structures. Different approaches were 
followed to obtain the coating of the NP with an homogeneous  layer of a Zn-based 
semiconductor (see Scheme 3.1). However, only one was found to produce an increase in the 
PL intensity, which is described in Section 3.9 of APPENDIX I. In this procedure, (ZnOA)2 is 







Scheme 3.1. Shelling reaction of the Ag2S/Ag2(S,Se) NPs. 
 
The addition of the Ag2S/(Ag2S,Se) NPs triggers the decomposition of the zinc precursor 
forming a thin layer of ZnS around the NPs. Three different Zn quantities were introduced in 
the reaction system as calculated for the growth from 1 to 5 monolayers (MLs) of ZnS (detailed 
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calculation of the quantities required for the growth are in Section 3.10 of APPENDIX I). The 













Figure 3.16. Size and morphology of different CS Ag2S/ZnS NPs depending on the feeding ratio of Zn precursor 
 
The size and size dispersion of the NPs are included in each TEM image for the different 
number of ZnS MLs. As can be observed, the size of the CS NPs is not appreciably increased 
after the Zn coverage except for the highest amount of Zn precursor, where NPs lose their 
morphology and photo luminescent properties due to ripening. In this last case, the presence 
of a second population of Zn-based NPs is also observable, which is the result of a new 
homogeneous nucleation and growth events out of the NPs´ surface. 
The improvement in the optical properties of these NPs is evident when the PL intensity 
emitted by the NPs (Figure 3.17) is studied. The PL intensity at the same NP concentration is 














  Figure 3.17 PL intensity of Ag2S/Ag2(S,Se)  samples with different ZnS monolayers.  
 
In order to fully characterize the material grown on the surface of the NPs, XAS measurement 
were carried out following the same procedure developed for the study of the Ag2S/(Ag2S,Se). 
For the XAS measurements it was found that thorough washing of the NPs was necessary in 
order to unambiguously assign the chemical state of Zn in the structure. Zinc salts are generally 
difficult to wash out from NPs, due to their low solubility in the commonly used organic 
washing solvents. The correct assignation was not possible in non-thoroughly washed (around 
15 washing steps, as described in APPENDIX I) samples since the resonances coming from the 
unreacted Zn precursor blurred the signal from the Zn chalcogenide.  
Figure 3.18 compares the K-Zn absorption edge of Ag2S/Ag2(S,Se) NPs treated with 3 MLs of Zn 
precursor with three standard samples consisting on commercially available ZnSe, ZnS and Zn 
acetate. Since Ag2S/Ag2(S,Se) NPs contain Se, so it is expected that a ZnSe shell forms upon 
treatment with Zn. Interestengly, as depicted in Figure 3.18, as a first sight, the absorption 
edge of the NPs in the Zn K edge resembles that of ZnS (not ZnSe), although it does not 
completely match any of the references. In order to unambiguously determine the Zn species 
formed in the reaction, the atomic environment of the Zn atoms was studied using EXAFS 














   Figure 3.18. XANES spectra of the NPs compared to ZnS, ZnSe and Zn(Ac)2  
EXAFS confirms that the atomic distances are consistent with the model of Zn bound to S 
atoms since the maxima and minima of the oscillation match the ones of ZnS. However, a 
closer examination of the EXAFS oscillations, reveals a contribution from the Zn-O bond in 
Zn(Ac)2, which can be observed as a shoulder of the Zn-S bond distance. This implies that the 
washing steps after the shelling reaction (15 washing steps) were not enough to fully eliminate 















Due to the chemical nature of ZnS, different surface ligands have been used for the capping of 
CS NPs with a ZnS shell. Different atoms, like oxygen or nitrogen, have a higher binding energy 
to the surface of ZnS that to a Ag2S one. It is then expected that, if the NPs are correctly and 
homogeneously covered by ZnS, they show a change in the affinity for different ligands. To test 
this hypothesis, we subject these CS Ag2S/(Ag2S,Se)/ZnS NPs to the previously described ligand 
exchange procedure, this time with molecules showing different functional groups. The results 
are shown in Figure 3.20a, which shows the PL response of water soluble CS 
Ag2S/(Ag2S,Se)/ZnS NPs functionalized with Polyvinylpyrrolidone (PVP), methoxypolyethylene 
glycol amine (PEG-NH2) and poly(ethylene glicol) bis(amine) (NH2-PEG-NH2).  
These polymers were similarly attempted on the Ag2S/(Ag2S,Se) without success.  PVP did not 
bond to the surface (the binding energy of O to Ag is lesser than the one of S) and in the case 
of amine-derived PEG polymers the NPs could be transferred to water but were reduced in a 
few minutes interval (easily observable since the dissolution of the NPs formed a silver mirror 
appearance). Figure 3.20 demonstrates that using non-thiol containing polymers successful 
hydrophilic NPs could be prepared due to the change in the surface chemistry after the 
addition of the ZnS external layer. Therefore, the formation of the ZnS not only allows for the 
preparation of more efficient light emitters but it also improves the versatility and 






















Figure 3.20. a) PL intensity of hydrophilic NPs capped with PVP, PEG-NH2, NH2-PEG-NH2 and with a polythymine oligonucleotide. 
 
Furthermore, the CS NPs could be exchanged using a poly-thymine oligonucleotide synthesized 
by Álvaro Somoza’s group at IMDEA Nanociencia. Different oligonucleotides have been used in 
the last years for the modification of NPs due to their ability to bond to complementary bases 
of RNA or DNA. This is exploited to promote cell death or the inhibition of a certain gene. In 
this case, a thiol modified polythymine oligonucleotide composed of 12 monomers was 
incubated with the CS NPs. Polythymine terminated oligonucleotides are known to promote 
cell death. The success in the functionalization of CS NPs with this ligand opens up the 
possibility of a simple one-step functionalization of these highly efficient CS NPs with 
biomolecules that could have a direct therapeutic, targeting application or to favor the 
internalization in certain tumorous cells. 
3.3. Conclusions 
The reason for the formation of aggregates in the heat-up synthesis of Ag2S NPs has been 
elucidated thanks to XRD and NMR studies. The results show that the intermediate species 
silver (I) dodecanethiolate does not completely decompose under the synthesis conditions not 
only affecting the colloidal stability of the as-synthesized NPs but also strongly capping their 
surface, generating aggregated systems, where further functionalization is hindered. The 
removal of this intermediate was possible by adding the effect of hot toluene in the separation 
of the polymeric lamellae and the effect of a primary amine (in this case oleylamine) as a sulfur 
activator in a new hot-injection synthetic route. The NPs synthesized using the newly 
developed route have proven to consist on purely Ag2S and show NIR PL in the NIR-II plus a 
much efficient surface modification due to the more labile oleylamine molecules capping their 
original surface. Furthermore, their easier surface chemistry allows for their surface 
modification opening the door to grow layers of different compositions on their surface 
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including a simple passivation with Se Ag2S/Ag2(S,Se) or core-shell NPs Ag2S/(Ag2S,Se)/ZnS with 
improved PLQY and chemical stability. The ZnS shell growing step is found to not only increase 
the PLQY but to ease the ligand exchange allowing a wide range of chemical species to 




















Chapter 4. Preparation of multifunctional composites based on 
SPIONS and Ag2S-based NPS 
4.1. Introduction 
As previously discussed in Chapter 1, the applications of diverse NPs for magnetic or optical 
hyperthermia have appeared in the last 20 years as an appealing methodology for the 
treatment of different tumors.146 This is due to the possibility to target and selectively 
influence in a controlled way, cancerous cells, avoiding secondary effects in healthy tissues. 
However, temperature measurements during these treatments are accompanied by large 
uncertainties due to the absence of local temperature measurements. Temperature 
measurements are commonly acquired by means of a thermographic camera that reads the 
skin (surface) temperature. This reading has been proven not to be accurate in the case of 
injections at different depths due to the heat diffusivity of the tissues, which generates a 
temperature difference between outer and inner locations.147, 148 These temperature 
discrepancies have negative consequences in hyperthermia treatments, since applying 
inappropriate temperatures may unnecessarily damage healthy surrounding cells and 
tissues.149 Thus, magnetic hyperthermia treatments relies on accurate control of the heat dose 
supplied by magnetic NPs leading to a local temperature enhancement and must therefore be 
ideally combined with careful local temperature monitoring. Due to the size, colloidal stability 
and thermal sensitivity of Ag2S-based NPs (as exposed in previous chapters), these NPs are an 
ideal system to this aim. 
The NPs widely used as nanoheaters in magnetic or optical hyperthermia are SPIONS which 
can be heated using either an alternate magnetic field or laser radiation due to their 
superparamagnetism and high light absorption from the visible to the NIR-I with the great 
advantage of their negligible toxicity. A close contact between the heat generator and the 
thermometer is desirable in order to maximize the reliability of the measurement since the PL 
from “colder” areas would blur the response from the real “hot” areas near the heater. 
Previously, the encapsulation of different kinds of functional NPs has been carried out using 
SiO2,27, 63, 150-154 biocompatible polymers102, 155-157 or phospholipids.65, 158-162 The growth of silica 
spheres by sol-gel is a well-established procedure based on the hydrolysis and condensation of 
a Si precursor, (mainly tetraethyl orthosilicate, TEOS), in alcoholic media, and catalyzed by 
ammonia (this procedure is known as the Stöber-Fink-Born method).163 This approach is not 
very common to encapsulate semiconductor NPs if monodispersed systems below 100 nm are 
pursued, due to the final size of the SiO2 sols, typically larger than this size.  Instead, the 
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principal strategy for the silica coating of NPs is through a water-in-oil (w/o) microemulsion 
process, which assures the encapsulation of individual NPs or small clusters.27  By means of this 
approach, microdroplets of water are stabilized in a non-miscible organic solvent (hexane, 
cyclohexane, isooctane…) using a (typically) nonionic surfactant. One of the accepted 
mechanisms of the NPs encapsulation involves the exchange of initial ligands by the non-ionic 
surfactant, facilitating the introduction of the NPs in the water microdroplets. The SiO2 sphere 
is then obtained through the hydrolysis and condensation of TEOS in the presence of a 





Figure 4.1. The most popular SiO2 encapsulation mechanism of a hydrophobic NPs based on the water-in-oil reverse 
microemulsion:  
Another well-studied approach to encapsulate NPs includes the use of PEG-modified 
phospholipids. These chemical species can be used for the formation of liposomes, which 
consist on sphere capsules that are formed by a bilayer (or a stack of bilayers) of amphiphilic 
phospholipids. Liposomes have been used to reduce secondary effects of some drugs, for 
specific drug delivery or as MRI probe carriers.164 Their use for the encapsulation of different 
kinds of NPs was first reported by Dubertret et al. in 2002.65 These nanostructures are optimal 
for their use in biological applications due their biocompatibility and their high interaction with 
cell membranes allowing for their easy internalization inside cells. For the formation of these 
kind of nanostructures there are different approaches, being the film hydration method the 
most used due to its simplicity. In this approach, the phospholipid is dissolved in an organic 
solvent (e.g. Chloroform) which is afterwards evaporated. On the remaining film on the 
bottom of the recipient containing the phospholipid is then added water. When the 
phospholipid molecules are in contact with water they start bending until they form the 
micelles. In this approach, the NPs are added in chloroform solution or as an aqueous solution 
in the final hydration step.  
 
 
a) b) c) d) e) 
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Figure 4.2. a) Film hydration method and b) Solvent exchange method for the loading of NPs inside liposomes 
Another popular approach for the encapsulation of NPs is the solvent exchange method. In this 
case, a solvent of an intermediate polarity and miscible with the organic and the polar solvent 
(e.g. DMSO) is used. After the addition of the intermediate solvent, the organic solvent is 
evaporated remaining a stable solution of the NPs covered with the phospholipid. The final 
step involves the hydration in the presence of the DMSO. In this case, the micelles are formed 
in this DMSO:water mixture. In the final step, the DMSO is washed off by centrifugation. This 
last method has been successfully used for the synthesis of hydrophilic micelle containing 
SPIONs.  There are a variety of other different methods for the formation of liposomes 
however, in this Chapter only the SiO2 encapsulation and the solvent exchange method will be 
discussed. 
 The main objective of this Chapter is the preparation of all-in-one multifunctional composites 
containing SPIONS and Ag2S NPs that fulfill the requirements to be used in hyperthermia 
treatments. The composites contain SPIONs capable to act as a nanoheaters, and Ag2S NPs 
that can be simultaneously be used for NIR imaging and luminescent nanothermometry.   
4.2. Results and discussion 
4.2.1. Encapsulation in SiO2 
Even though the encapsulation of SPIONs using the w/o microemulsion method have been 
described by several groups, this route does not yield a successful coating of the here studied 
Ag2S-based NPs. The formation of metallic silver observed after the addition of the ammonia 
solution points out that the reason may be the high reactivity of Ag to form metal-ammine 
complexes, such as [Ag(NH3)2]+. Several recipes were then developed in order to avoid its 
presence. Among them, it is worth nothing a procedure in with the NPs were first transferred 
from chloroform to water using dodecyltrimethylammonium bromide (DTAB). This ionic 
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surfactant forms micelles when it is in contact with water due to its amphiphilic nature 
interacting with the NPs by its apolar tails and encapsulating them. This way, through 
sonication, little aggregates of water dispersible NPs are stabilized in aqueous media inside the 
DTAB micelles. After that, a Si precursor (TEOS) was added at room temperature and in 
constant agitation. The correct encapsulation of the NPs was achieved without the addition of 








Figure 4.3.a) TEM image of the SiO2 aggregates of Ag2S/Ag2(S,Se) NPs. b) PL  of the silica-coated NPs 
The absence of catalyst allows for the slow condensation of the TEOS molecules around the 
surface of the DTAB micelles encapsulating the Ag2S NPs. As can be seen in Figure 4.3a, the 
correct encapsulation of little (100-250 nm) groups of NPs was achieved inside silica capsules 
of a thickness of less than 10 nm.  It should be noted that this encapsulation does not quench 
the NIR PL of the NPs, therefore allowing for their use as NIR emitters (Figure 4.3b). Given the 
ability of this method to form small groups of Ag2S-based NPs, it was explored to obtain the 
multifunctional composite. By adding the SPIONs at the first step of the encapsulation 
procedure (as chloroform dispersion before the emulsion formation), the encapsulation of 
both NPs was achieved as can be observed in Figure 4.4. However, due to their different 
surface chemistry the sample presents groups of only SPIONs, only Ag2S-based NPs and some 
that contain both species in an uncontrolled fashion. Thus, although successful SiO2 
encapsulation maintaining the initial PL and superparamagnetic properties these non-
homogeneous composites lack from a close contact between the heater (SPION) and the 
nanothermometer (Ag2S-based NPs), which is essential to obtain reliable temperature 





Figure 4.4. TEM images of the attempt for the encapsulation of both NPs 
4.2.2. Encapsulation in phospholipidic micelles 
The applications of phospholipids in several fields and the possibility of using them as 
encapsulating agents for NPs motivated their use for the preparation of the multifunctional 
composites. Among all of them, we chose 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-
N-[methoxy(polyethyleneglycol)-2000] (ammonium salt) (PE:PEG2000) due to its proven 
efficiency in the coating of QDs.65 As discussed in the Introduction, two different methods 
were followed to achieve the encapsulation although in this chapter only the results of the 
solvent exchange method will be discussed (results of the encapsulation using the film 
hydration method can be found in Section 4.6. of APPENDIXI). A higher degree of interaction 
between the phospholipid molecules and the NPs was achieved by means of this method. To 
encapsulate the Ag2S-based NPs first, the NPs were thoroughly washed to remove as many 
hydrophobic ligands as possible. It was also observed, that a slight functionalization prior to 
the encapsulation was found to be necessary for the correct formation of the coated NPs due 
to the low affinity of the PE:PEG2000 to the NPs’ surface. Otherwise, big amorphous micelles 
(>500 nm) were formed with some NPs inside and some outside (not shown). This 
intermediate functionalization was achieved through the incubation of the NPs with a small 
amount of PEG-SH whose long tails interact more easily with the phospholipid than the native 













Figure 4.5.  a,b) TEM images of the PE:PEG2000 micelles containing the Ag 2S-based NPs and c) NIR PL of the NPs before and after 
the encapsulation 
TEM images of the NPs inside the micelles after this intermediate step are presented on Figure 
4.5a. In order to observe the micelle coating, a dyeing step is necessary during the TEM grid 
preparation. In our case, the dye was a water solution of phosphotungstic acid (PTA) at 1% wt. 
As shown the use of the PEG-SH as surface functionalizer leads to the formation of small lipids 
containing small groups of NPs. Importantly, the encapsulation does not quench their NIR PL 
observing a PL spectrum like the one in the previously described hydrophilic NPs from Chapter 
2 and 3 (Figure 4.5b). For the final encapsulation of both kinds of NPs, SPIONS and Ag2S, no 
other ligand was further needed. Both NPs were dispersed in chloroform and subjected to the 
previously developed solvent exchange method, which is exemplified in Figure 4.6, and 
thoroughly described in Section 4.7 of APPENDIX I. 
 
Figure 4.6. Solvent exchange method used for the encapsulation of both Ag2S-based NPs and MNPS 
The encapsulated system can be observed in Figure 4.7. In order to confirm the internalization 
of the NPs inside the micelle the TEM grids were stained using PTA 1% wt. Using this dye, the 
bilayer can be observed with white contrast. Unlike the micelles synthesized using the film 




the center of the sphere. The integration of both kinds of NPs inside the phospholipidic 
micelles is further confirmed by a simple macroscopic experiment in which a magnet is placed 
near a cuvette containing a water dispersion of the composites. It can be clearly observed on 
Figure 4.7c,d how from the starting dispersion not only the MNPs are attracted to the magnet, 
but also the Ag2S-based NPs as evidenced by the strong NIR PL observed near the magnet, as 
compared with the one in the rest of the dispersion. The rest of the NIR emission may come 
from bigger aggregates that have a smaller drag coefficient or encapsulates of only Ag2S-based 
NPs. The optical image was taken with an InGaAs camera belonging to the FIG group at UAM 











Figure 4.7. a-d) TEM images of the as-synthesized multifunctional nanocomposites containing Ag2S-based NPs and SPIONS inside 
the PE:PEG2000 micelles c) Day light and d) IR image of the nanocomposite solution when a strong magnet is applied at a side of 
the cuvette. The SPIONS are attracted to the magnet transporting as well the Ag2S-based NPs  
The magnetic and optical properties of the composite were measured to check whether the 
encapsulation process produces modifications on the properties of the starting NPs. 
Concerning the optical properties of the semiconductor NPs, the Ag2S-based NPs still show 
their bright PL upon encapsulation at the same wavelength, as shown in Figure 4.12.a, which 
depicts the absorption and PL response of the micelles. The PL lineshape reminds that 
previously shown in Chapter 2 for NPs in aqueous media, because of water absorption. Figure 





of how efficient are the SPIONS transforming magnetic energy into heat. The average of 3 
measurements for the micelles gave a result of 104 W/g at 24 kA/m and 105 kHz, a slight 
decrease from the starting NPs (140 W/g at those same conditions). This reduction could be a 
result of the aggregation of the MNPs that hinders the free move of the MNPs. Since the heat 
generation essentially comes from the field driven movement, the aggregation of the MNPs is 
a critical parameter driving their heating capacity.165 If their move is obstructed, the heat 
generation may be less efficient.  
Figure 4.12. a) Optical properties of the nanocomposite and b) Magnetic behavior of the composite and c) DLS spectrum of one 
sample of the nanocomposite 
The size of the micelles measured by TEM images is between 200-500 nm. However, soft 
polymeric spheres are known to deform when deposited on surfaces due to interface 
interactions, what may alter the real size. For this reason, DLS experiments were carried out to 
confirm their size in solution.  
Surprisingly, as observed in Figure 4.12.c, the main hydrodynamic size of the as-synthesized 
structures in solution is below 100 nm, suggesting that the TEM images are not reliable when 
measuring the size of these capsules. Indeed, samples in a TEM have been previously 
dehydrated, (in vacuum), what makes soft colloids to appear as bigger flat “pump-cakes”.  
The mild encapsulation procedure not only preserves the NIR PL and magnetic properties of 
the NPs but it also maintains unaffected the thermal sensitivity in the NIR range previously 
studied, as depicted in Figure 4.10, where the integrated emission intensity of the 
nanocomposite with temperature is plotted. According to equation 2.X (Chapter 2), the 













Figure 4.10. Calibration of the integrated emission intensity of the nanocomposite with temperature 
Therefore, the as-synthesized composites can be successfully used to activate local 
temperature changes induced by the optical or magnetic excitation of the NPs, NIR imaging, 
and temperature reading with a sensitivity as high as 3%·°C-1. 
4.2.2.1.  Cell internalization studies 
Liposomes are made of phospholipids with a similar structure of those forming cell 
membranes. They are widely used in several biological applications, including cell culture 
studies.  In order to test if our nanocomposite could be easily internalized by tumorous cells a 
dispersion of the composite was incubated at different concentrations in the cell culture of 
MCF-7 cells (breast cancer cells). The results are shown in Figure 4.11. This experiment was 









Figure 4.11. Cell internalization studies using MCF-7 cells with different concentrations of the nanocomposite. 
S=3%·°C-1 
a) b) c) 
d) e) f) 
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The images on the left (a,d) correspond to control images at different magnifications (10x and 
20x, respectively) of the cells where no composites have been incubated. Images at different 
magnifications in the middle (b,e) and on the right (c,f) correspond to cells incubated with the 
composite at an Iron concentration of 0.07mM (b,e) and 0.018 mM (c,f) (obtained by ICP-OES 
analysis). The images show high density of black spots, which are related to the presence of 
the composites in the cells (due to the high dielectric constant of iron oxide) which are located 
out of the nucleus. Further studies to confirm low cytotoxicity are in progress.   
4.3. Conclusions and future work 
The encapsulation of different nanomaterials is a powerful tool to obtain multifunctional 
nanocomposites that could be used as all-in-one theranostics agents. In this Chapter, a 
multifunctional nanocomposite was synthesized joining the attractive superparamagnetic 
properties of iron oxide NPs and the thermometric properties of Ag2S-based NPs. This 
composite can be used as an optical/magnetic probe and at the same time as a thermometer 
that will provide temperature reading at the same spot in which the hyperthermia treatment is 
being applied. Furthermore, this nanocomposite is a potential tool for bioimaging in two 
different techniques. Since iron oxide NPs are active for MRI and the Ag2S-based NPs can be 
used for fluorescence or photoacoustic imaging with high penetration, both imaging 
techniques could be simultaneously used for the acquisition of images. Furthermore, first 
studies suggest good cell internalization in the cell line MCF-7. This work set the basis to 
further confirm the viability of these composites for simultaneous heat release and 














• Ag2S NPs are optimum systems for fluorescence-based biological applications due to 
their photoluminescence response centered in the NIR-II. In this thesis, a new 
application for these NPs has been developed, namely, their use as high-sensitivity 
luminescence nanothermometers. The strong dependence of their photoluminescence 
spectral position, intensity and lifetime with temperature allow for temperature 
measurement with high sensitivity. Their performance as nanothermomethers has 
been explored both in ex vivo and in vivo experiments, with outstanding results.   
• The dense surface coating and aggregation observed in heat-up synthesized Ag2S NPs 
have been identified to be caused by an unreacted intermediate during the synthesis. 
A new synthetic route is proposed that avoids this surface coating, allowing higher 
yield in ligand exchange procedures and the possibility to carry out post-synthetic 
treatments. These treatments include passivation with selenium or the growth of 
different number of outer layers of ZnS to produce a type I core/shell structure with 
improved photoluminescence quantum yield and with a more versatile surface 
chemistry. 
 
• The encapsulation of Ag2S-based NPs and Fe3O4 NPs (SPIONs) inside micelles formed 
by a PEG-modified phospholipid is found to retain the heating ability of the SPIONs and 
the photoluminescence response of the Ag2S-based NPs. Incipient cell culture studies 
suggest their correct internalization in cells, opening the door for simultaneous heating 




































• Las NPs de Ag2S son sistemas óptimos para aplicaciones biológicas basadas en 
fluorescencia debido a su fotoluminiscencia centrada en el rango NIR-II. En esta 
tesis, una nueva aplicación para estas NPs ha sido desarrollada: su uso como 
nanotermómetros. La fuerte dependencia de la posición espectral de su emisión, la 
intensidad y el tiempo de vida con la temperatura permite la medición de 
temperatura con alta sensibilidad. Su uso como nanotermómetros ha sido descrito 
en experimentos tanto ex vivo como in vivo con muy buenos resultados. 
• La causa de la agregación y alta densidad de ligandos en superficie observada en 
las NPs sintetizadas por el método “heat-up” ha sido identificada como la 
formación de un intermedio en la síntesis. Una nueva ruta ha sido desarrollada 
para evitar este fuerte recubrimiento, aumentando el rendimiento de las 
reacciones de cambio de ligando y permitiendo tratamientos después de la síntesis 
sobre las NPs. Estos tratamientos incluyen la pasivación con seleniuro de plata y el 
crecimiento de diferente número de capas de ZnS para producir estructuras 
“core/shell” de tipo I, que permiten obtener NPs con un mayor rendimiento 
cuántico y una química de superficie más versátil. 
• La encapsulación de las NPs basadas en Ag2S junto con NPs de Fe3O4 dentro de 
micelas de un fosfolípido modificado con un extremo de polietilenglicol retiene la 
capacidad de generar calor de las NPs mágneticas y las propiedades 
fotoluminiscentes de las NPs basadas en Ag2S. Los primeros estudios en células 
sugieren que estas estructuras se internalizan bien abriendo la puerta la 





















APPENDIX I: Experimental section 
Chapter 2 
2.1. Chemicals 
Silver (I) diethyldithiocarbamate (AgDDTC, 99%), 1-dodecanethiol (DT, >98%), toluene (TOL, 
99.8%), 1-octadecene (ODE, 90%), acetone (technical grade), oleylamine (OLA, 70%), 
polyethylene glycol methyl ether thiol (PEG-SH, average Mn 6000), chloroform (CHCl3, >99.8%), 
tetrachloroethylene (TCE, >99%) and ethanol (EtOH, 96%). All chemicals were used without 
further purification 
2.2. Synthesis of Ag2S nanocrystals 
In this work the synthesis of Ag2S NCs is based on a previously reported thermal decomposition 
of AgDDTC in DDT with slight variations.62 The syntheses have been performed in standard 
Schlenk lines using a temperature controller connected to a PC unit for accurate temperature 
programming, which provides reproducible results for each batch. On each synthesis, 0.05 
mmol of silver (I) diethyldithiocarbamate, 12.5 mmol of 1-dodecanethiol, and 9 mmol of 1-
octadecene were mixed in a three-neck round bottom flask and degassed under vacuum at 
room temperature. The flask is then backfilled with nitrogen and heated up to 200°C at a rate 
of 17°C/min. The solution is stirred for one hour at 200°C and then cooled down to room 
temperature using a room temperature water bath. After the synthesis, the black colloidal 
dispersion is washed in several cycles of precipitation with ethanol and re-dispersion in 
toluene. 
 
2.3. Thin films fabrication 
The thin film used for the thermometry studies was fabricated by a simple room temperature 
spin coating procedure on a polyethylene terephthalate flexible substrate. The thin film used 
for TAS measurement described in Figure 2.5 of the thesis was prepared by drop casting of a 
NCs suspension on a quartz substrate. 
2.4. Ligand exchange 
In order to obtain bright Ag2S NPs samples in water, an entire batch of NPs was sonicated 
during 90 min in the presence of 100 mg of PEG-SH. Afterwards; it was left in a mechanical 
agitator for another hour. The sediment portion (which did not exchange the native ligands) 
was removed by centrifugation and the stable portion was dried using a N2 flow. After that, the 
deposit was dispersed in ethanol and was filtered to remove the excess of PEG-SH. Finally, the 




2.5.1. Basic optical characterization 
Steady-state NIR to UV optical absorption measurements were carried out in solution using a 
Varian Spectrophotometer (Cary 5000) UV-Vis-NIR. Photoluminiscence spectra in solution were 
recorded in a spectrofluorometer (Fluorolog TCSPC Horiba Jobin Yvon) equipped with an 
InGaAs NIR detector (Horiba Symphony II). Thin film NIR emission spectra at different 
temperatures and depths were recorded using an InGaAs CCD camera (Andor iDus DU490A). 
The sample was optically excited with an 800 nm fiber-coupled laser diode (Lumics) focused by 
a long working distance microscope objective and the emission was spectrally analyzed by an 
Andor Shamrock 193i spectrometer after passing through appropriate filters to remove the 
pump background.  
 
2.5.2. HREM characterization 
Samples were characterized by High Angle Annular Dark Field Scanning Transmission Electron 
Microscopy (HAADF-STEM) using a JEOL-2010F microscope operated at 200 kV. HAADF-STEM 
images were recorded using a 0.5 nm electron probe at a camera length of 10 cm. 
A FEI Titan3 Themis 60-300 microscope was used to acquire High Resolution Transmission 
Electron Microscopy (HRTEM) images at 80kV to minimize beam damage. The monochromator 
was excited in these experiments in order to minimize the effect of the chromatic aberration. 
Afterward, using the Zemlin tableau, the defocus and the third-order aberration coefficients of 
the objective lens were measured and adequately compensated. Additionally, very high spatial 
resolution X-EDS maps were acquired using the ChemiSTEM capabilities of the FEI Titan3 
Themis 60–300 microscope working in scanning transmission electron microscopy mode at 80 
kV. In this case, a high brightness, sub-angstrom diameter, electron probe was combined with a 
highly stable stage to record these maps. Maps were acquired with a beam current of 150 pA 
and a pixel dwell time of 128 s. 
 
This dwell time ends up in a frame acquisition time of approximately 30 s after which the drift 
was corrected using cross correlation. A 5 pixels smooth filter was used on the images as 
provided in the Esprit software. The X-EDS quantification was carried out using the K factor of 






2.5.3. Transient Absorption Spectroscopy  
Transient Absorption Spectroscopy (TAS) was carried out with a femtosecond Clark-MXR 
CPA210 regenerative amplifier delivering 120 fs pulses at 775 nm and 1 KHz repetition rate. The 
primary beam was splitted into pump and probe beams. The pump beam was sent to a 
computer-controlled delay line to anticipate it respect to the probe and finally focused onto 
the sample (1 mJ cm-2). The probe beam was focused on a sapphire plate to generate a 
supercontinuum pulse and then spatially overlapped with the pump on the sample. The 
transmitted probe beam was sent to a prism spectrometer (Entwicklungsburo Stressing) and 
detected with a linear CCD array (VIS-Enhanced InGaAs Hamamatsu Photonics). A software 
synchronized the delay line with the acquisition system and recorded spectra at single shot. 












Figure 1. TAS experimental setup 
 
Section 2.5.4. Determination of the PLQY 
Fluorescence spectra were obtained using a calibrated spectrofluorimeter (Edinburgh 
Instruments, FLS920), with a xenon lamp as excitation source, an integrating sphere (Jobin-
Yvon), and a liquid nitrogen cooled NIR photo-multiplier tube (Hamamatsu, R5509-72). The 
monochromator was centered at a wavelength of 822 nm. The excitation bandwidth was 15 
nm and the emission bandwidth was 10 nm. Ultimately, the internal PLQY was measured for 
each sample with the absorbed photons having been calculated by subtracting the intensity of 





2.5.5. Ex vivo experiment  
NIR emission spectra at different temperatures and depths were recorded using an InGaAs CCD 
camera (Andor iDus DU490A). The sample was optically excited with an 800 nm fiber-coupled 
laser diode (Lumics) focused by a long working distance microscope objective and the emission 
was spectrally analyzed by an Andor Shamrock 193i spectrometer after passing through 
appropriate filters to remove the pump background. A temperature-controlled stage (Linkam 
PE120) was used for calibrating the emission with temperature. 
  
Section 2.5.6. Time resolved spectroscopy 
The luminescence generated by the solution was recorded using the Fluorimeter NanoLog™ 
(HORIBA) with double-grating excitation and two emission monochromators. The software 
used in this case was the Fluorescence. The detector used was a liquid-N2 cooled R5509-73 
photomultiplier tube, operating in the 300–1700 nm range. Luminescence decay curves were 
obtained by exciting the colloidal suspensions of Ag2S NCs by using a pulsed diode laser 
(HORIBA, model DeltaDiode DD-450L) operating at 450 ± 10 nm and providing pulses of 80 ps 
duration with a maximum repetition rate of 100 MHz. The fluorescence time decay curve was 
finally obtained with time-domain TCSPC using the Datastation software. 
Section 2.5.7. NIR-II imaging setup in the in vivo experiment 
For imaging experiments, the anesthetized mouse was placed in an optical setup specially 
designed for NIR fluorescence imaging. Optical excitation is achieved with an 808 nm 
fibercoupled laser diode (LIMO) operating in pulsed mode (pulse width: 100 ms; pulse period: 
500 ms). The laser power during the ON cycles was set to 100 mW. The laser beam was 
collimated using a F220-SMA collimator (Thorlabs) and its vertical position was adjusted so 
that the spot diameter at the mice skin surface was 0.5 cm. The NIR fluorescence images were 
acquired by an InGaAs camera (Xeva 17 from Xenics INC), sensitive in the 900-1700 nm range, 
operating synchronized with the excitation laser. The array size of the detector in this camera 
is 320x256 pixels. The images were focused on the detector array by means of a 35 mm lens 
designed for NIR wavelengths (Optica Kowa LM35HC-SW). The distance between the lens and 
the mouse was approximately 25 cm, so that the lateral resolution of our images was in the 
order of 300 μm. An 850 nm longpass filter was used to eliminate any possible scattered laser 
radiation from the images. The signal was further filtered by a 1200 nm long pass filter to avoid 







Silver (I) diethyldithiocarbamate (AgDDTC, 99%), 1-dodecanethiol (DT, >98%), toluene (TOL, 
99.8%), acetone (technical grade), oleylamine (OLA, 70%), sulfur powder (S, synthesis grade), 
polyethylene glycol methyl ether thiol (PEG-SH, average Mn 6000), chloroform (CHCl3, 
>99.8%), tetrachloroethylene (TCE, >99%), trioctylamine (TOA, 98%), silver (I) nitrate (AgNO3, 
>99.0%), acetonitrile (99.8%), deuterated chloroform (CDCl3, 99.8% D), deuterium oxide (D2O, 
99.9 atom % D), toluene-d8 (99.6 atom % D), hexane (reagent grade), ethanol (EtOH, 96%), 
selenium powder (Se, 99.99%), trioctylphosphine (TOP, 97%), oleic acid (OA, technical grade 
90%), Zinc acetate dihydrate (Zn(Ac)2·2H2O), methoxypolyethylene glycol amine (PEG-NH2), 
poly(ethylene glicol) bis(amine) (NH2-PEG-NH2),  poleyvinylpirrolidone (PVP, Wt= 50000 Da) . 
All chemicals were used without further purification.  
 
3.2. Synthesis of Ag2S NCs by hot injection  
In this case, 0.2 mmol of AgDDTC, 60 mmol of DT and 10 ml of toluene were mixed in a three 
neck round bottom flask. The mixture was heated to 100°C and when the silver salt is 
completely dissolved and the solution turns to a bright yellow color 100 L of a solution of 0.4 
mmol of sulfur powder in 1 ml of OLA is swiftly injected. The solution is then left to react until 
it is quenched using a water bath. The content is passed to a plastic centrifuge tube and 
precipitated with acetone.  
These NCs were found to be very stable in the reaction media, so several cycles of 
centrifugation at 9000 rpm and cooling of the centrifuge tube were necessary to precipitate all 
the NCs. The addition of ethanol has a positive influence in the destabilization of the NCs but it 
was also found to irrevocably quench the NCs PL almost completely. Typically, the washing 
steps were carried out using the same amount of acetone as the reaction media and a few 
drops of ethanol if the NCs were too stable to precipitate. 
 
3.3. Syntheses of Ag2S/Ag2(S,Se) NCs 
For the synthesis of these NCs 0.2 mmol of AgDDTC, 60 mmol of DT and 10 ml of toluene were 
mixed in a three neck round bottom flask. The mixture was heated to 100°C and when the 
silver salt is completely dissolved and the solution turns to a bright yellow color 100 L of a 
solution of 0.4 mmol of sulfur powder in 1 ml of OLA is swiftly injected.  
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After 5 minutes 100 L of a 1 M solution of Se powder in TOP is injected into the NCs 
dispersion. The solution is left to react for 10 minutes and then, it is left to naturally cool to 
room temperature. The washing steps were carried out with acetone and chloroform.  
 
3.4. Ligand exchange reactions 
All batches are dispersed in 10 ml of chloroform and from that solution, 1 ml of NCs ([Ag+]≅ 1.5 
mg/ml) is added to a 5 ml chloroform solution containing 100 mg of PEG-SH. The mixture is 
sonicated at room temperature for half an hour and then is left in a mechanical agitator for 1.5 
h. After that, the chloroform is blown dry using a N2 flow and 5-10 ml of ethanol is added to 
the NCs deposit. The solution is vortexed and sonicated until an optically clear dispersion is 
obtained. In order to remove the excess polymer two centrifugation steps were followed with 
ethanol using Sartorius Vivaspin 20 MWCO= 100 KDa ultracentrifugation tubes. After that, 
three cycles of centrifugation and redispersion in water were found to be enough to eliminate 
the ethanol and the remaining polymer. The NCs obtained using this method were stable in the 
water dispersion for months in storage at 4°C. 
In order to compare the behavior of the two kinds of NCs in ligands exchange reactions, 
aliquots with the same quantity of Ag+ (measured by ICP-MS) where subjected to the above 
procedure. The amount of NCs transferred to water where measured as the quantity of Ag+ 
detected in the water samples measured using ICP-MS.   
 
3.5. Isolation of the intermediate silver compound 
 In order to isolate the chemical compound that undergoes the decomposition to Ag2S a 
mixture of 0.2 mmol of AgDDTC, 60 mmol of DT and 10 ml of toluene is heated to 100°C in a 
three neck round bottom flask. When the silver salt is completely dissolved and the reaction 
media presents a bright yellow color the reaction is quenched using a water bath. Upon 
cooling, the reaction starts to present turbidity and a darker color, due a partial decomposition 
of the precursor. The white solid is isolated from the reddish liquid by centrifugation and 
washed with hexane.  
 
3.6. Synthesis of silver (I) dodecanethiolate 
The synthesis of the silver polymer was carried out based on a previously reported 
procedure.133 A solution of 1 mmol of AgNO3 in 5 ml of acetonitrile is slowly injected into a 
solution of 2 mmol of 1-dodecanethiol and 2 mmol of trioctylamine in 10 ml of acetonitrile. 
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The AgSC12H25 is formed immediately upon the injection of the silver solution. The white 
powder is washed by centrifugation in hexane to eliminate the excess products and dried using 
an oven at 50°C. 
3.7. Calculation of the hydrodynamic size through DOSY 
The calculation of the hydrodynamic size using the diffusion coefficient value obtaining by 





Where kB is the Boltzmann constant, T is the temperature at which the spectrum has been 
recorded; η is the solvent density and D the diffusion coefficient given by DOSY 
 
3.8. Synchrotron measurements 
X-ray absorption spectroscopy (XAS) experiments were performed at the SXS (S K- and Ag L3- 
edges) and XAFS2 (Se K-edge) beamlines at the LNLS (Laboratório Nacional de Luz Síncrotron), 
Campinas, Brazil.  X-ray Absorption Near Edge Structure (XANES) spectroscopy measurements 
at the S K-edge (2472 eV) and Ag L3-edge (3351 eV) were carried out using a InSb(111) double-
crystal monochromator, giving an energy resolution of 2 eV at the S K-edge, and 1 eV at the Ag 
L3-edge. Experiments with soft X-rays were performed in a vacuum chamber at 10−9 mbar and 
room temperature (RT). The incident beam intensity (I0) was measured using a thin foil of Al. 
Samples were dropped on carbon tapes to be measured in Total Electron Yield (TEY) and 
Fluorescence (FL) modes simultaneously. The photon energies were calibrated using a Mo and 
Ag metallic foil setting the first inflection point of the Mo L3 absorption edge at 2520 eV for S, 
and to the Ag L3 absorption edge (3351 eV) for Ag measurements. The final XANES spectra 
were obtained after background subtraction and normalization to the postedge intensity.  
XANES and Extended X-ray Absorption Fine Structure (EXAFS) experiments at the Se K-edge 
(12658 eV) were measured at room temperature using a Si(111) single channel-cut crystal 
monochromator in fluorescence mode. An ionization chamber was used to detect the incident 
flux and a 15-element germanium solid-state detector was used to sense the fluorescence 
signal from the sample. The EXAFS data was extracted from the measured absorption spectra 
by standard methods using the ATHENA software which is part of the Demeter package.166 The 
Fourier transforms were calculated using the Hanning filtering function. EXAFS modeling was 
carried out using the ARTEMIS program (Demeter package). Structural parameters 
(coordination numbers, interatomic distances and Debye–Waller factor) were obtained by 
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nonlinear least-squares fit of the theoretical EXAFS signal to the data in R space by Fourier 
Transforming both the experimental and calculated data. Theoretical scattering path 
amplitudes and phase shifts for all paths used on the fits and simulations were calculated using 
the FEFF code.145 The passive reduction factor S02 was restrained to the value of 0.72. This 
value was obtained fitting the EXAFS spectrum of metallic Se foil and constraining the 
coordination number of the first coordination shell to 2. 
Sample NSe-Ag RSe-Ag (Å) DWFSe-Ag 
(Å2) 
NSe-S RSe-S (Å) DWFSe-S (Å2) 
Ag2S+Se NCs 2.8(4) 2.6 - 2.8 0.010(3) 1.0(4) 2.10(4) 0.06(1) 
Ag2S 
standard 
7 2.7 - 2.9     
Table 1. Fitted structural parameters (N: average coordination number; R: interatomic 
distance; DWF: Debye-Waller factor) obtained from the EXAFS analysis using a two-shell model 
 
3.9. Zn precursor calculation for the shelling reactions 
The total amount of NCs obtained in the hot injection synthesis is determined to be ≅18 mg as 
determined by ICP-AES.  
In order to calculate the quantity of Zn precursor that we need to cover the surface of all the 










= 1.10 · 10−2 𝑔𝐴𝑔2𝑆  
Now, we need to know the mass of one NCs to obtain how many NCs are necessary to achieve 
that final mass. First we calculate the volume and mass of its smaller unit, the unit cell. Since 
the unit cell in -Ag2S is cubic its volume is: 
𝑉𝑈𝐶 = 𝑎 · 𝑏 · 𝑐 = 0.423𝑛𝑚 · 0.691 𝑛𝑚 · 0.787 𝑛𝑚 = 0.23 𝑛𝑚
3 




; 𝑚 = 𝜌 · 𝑉 = 7.23
𝑔
𝑐𝑚3
· (0.23 · 10−21 𝑐𝑚3) = 1.66 · 10−21𝑔 
Now that we know the mass of a single unit we can calculate the total mass of NCs by 
calculating the number of unit cells they contain. For that we do the same calculations but for 1 




𝜋(4𝑛𝑚)3 = 268.1 𝑛𝑚3 









= 1165.4 𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙𝑠 𝑖𝑛 𝑒𝑣𝑒𝑟𝑦 𝑁𝐶 
Thus: 
𝑚1 𝑁𝐶 = 1165.4 · 1.66 · 10
−21𝑔 = 1.93 · 10−18𝑔 







= 5.7 · 1015 𝑁𝐶𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 
 
To determine the quantity of Zn necessary to form a few monolayers over the Ag2S NCs it is 
necessary to calculate the volume of the NCs and the volume of the final core/shell NCs taking 
into account that the minimal amount of Zn to form a layer would be a layer form by only one 
lattice parameter thick. So, first of all we have to calculate the volume of a single unit cell of 
ZnS (zinc-blende): 
𝑉𝑈𝐶𝑍𝑛𝑆 = 𝑎 · 𝑏 · 𝑐 = 𝑎
3 = 0.5413 = 0.16 𝑛𝑚3 
The increase in the diameter of the NCs would then be (for one layer of ZnS) the sum of one 
lattice parameter on every side of the NC: 







)3 = 392 𝑛𝑚3 
𝑉𝑠ℎ𝑒𝑙𝑙 = 𝑉𝐶𝑆 − 𝑉𝑐𝑜𝑟𝑒 = 392  𝑛𝑚
3 − 268  𝑛𝑚3 = 124  𝑛𝑚3 







= 784 𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙𝑠 𝑜𝑓 𝑍𝑛𝑆 
The number of moles necessary for the growth of that amount would be: 
𝑛𝑍𝑛𝑆 =  
𝑚𝑈𝐶𝑍𝑛𝑆
𝑀𝑤𝑍𝑛𝑆
;  𝑚𝑈𝐶𝑍𝑛𝑆 = 𝜌 · 𝑉𝑈𝐶 = 4
𝑔
 𝑐𝑚3











So, since the salt we are going to use is for the reactions is Zn(Ac)2·2H2O (Mw=219.51): 
𝑚𝑍𝑛(𝐴𝑐)·2𝐻2𝑂 = 6.5 ·
10−24𝑚𝑜𝑙𝑒𝑠
𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙
· 784 𝑐𝑒𝑙𝑙𝑠 · 219.51
𝑔
𝑚𝑜𝑙𝑒𝑠
= 1.12 · 10−18𝑔/𝑁𝐶 




𝑚𝑡𝑜𝑡𝑎𝑙 = 𝑚𝑁𝐶 · 𝑁𝑁𝐶𝑠 = 1.12 · 10






= 6.4 𝑚𝑔/𝑙𝑎𝑦𝑒𝑟 
3.10. Synthesis of Ag2S/Ag2(S,Se)/ ZnS 
For the shelling reaction the calculated quantity of Zn(Ac)2 is placed inside a three neck round 
bottom flask along with 6 ml of OA and 3 ml of ODE. The  mixture is then heated up to 100°C 
and degassed under vacuum for 1 h to eliminate all the oxygen and water in the sample. After 
that, the dispersion of the Ag2S-based NCs in ODE is injected. Right after the injection, the 
system is degassed and the reaction is left to proceed in vacuum during 30 minutes. After that, 
the reaction is quenched using a water bath and the NCs are washed in successive steps of 




 Silver (I) diethyldithiocarbamate (AgDDTC, 99%), 1-dodecanethiol (DT, >98%), toluene (TOL, 
99.8%), acetone (technical grade), oleylamine (OLA, 70%), dodecyltrimethylammonium 
bromide (DTAB, >98%), sulfur powder (S, synthesis grade), tetraethyl orthosilicate (TEOS, 98%), 
polyethylene glycol methyl ether thiol (PEG-SH, average Mn 6000), chloroform (CHCl3, >99.8%), 
tetrachloroethylene (TCE, >99%),dimethylsulfoxide (DMSO, >99%), 1,2-dipalmitoyl-sn-glycero-
3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (ammonium salt) 
(PE:PEG2000) 
 
4.2. Synthesis and characterization of the Ag2S-based NCs 
The Ag2S-based NCs used in this Chapter were synthesized by the route previously discussed in 
Chapter 3 and described in Section 3.3. of APPENDIX I. The as-synthesized NCs have an average 
size of 8.5±0.9 nm an a PL spectrum centered in 1210 nm. 
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 Figure 3. a) and b) TEM images of the Ag2S/Ag2(S,Se) NCs used for the encapsulation. C) Size distribution and d) room 
temperature PL 
4.3. Synthesis and characterization of the SPIONs 
Magnetite nanoparticles were synthesized by our collaborators from Dr. Gorka Salas’ lab 
following the method reported by Sun et al.167 using [Fe(acac)3] as metal precursors. In a 
typical synthesis, [Fe(acac)3] (5 mmol), oleic acid (15 mmol), oleylamine (15 mmol) and 1,2-
dodecanediol (25 mmol) and 1-octadecene (50 mL) were mixed in a three-neck round-
bottomed flask with mechanical stirring under a flow of nitrogen at atmospheric pressure. It 
was heated at a constant rate of 2°C/min until the temperature reached around 100°C and the 
dark solution was kept for 1 h, following with nitrogen flux cut off and then heated until 200°C 
with the same temperature rate. In that plateau, we maintained the temperature for 120 
minutes and increased the heat until reflux (315-320°C) with a constant rate of 3°C/min. When 
the synthesis reached at reflux, we waited for 1 h and stopped the reaction, allowing the 
mixture to cool down to ambient temperature. Finally, the solution was extracted in hexane, 
washed by centrifugation with ethanol repeatedly and stored in hexane. The Fe3O4 NCs used 
for the encapsulation have an average size of 19±3 nm. These NCs were synthesized by Gorka 














Figure 4. Morphological and magnetic characterization of the IONPs used in this Chapter  
4.4. Microemulsion reaction 
As previously discussed, SiO2 has been used for the effective coating and water solubilization of 
different kinds of NCs like QDs or SPIONS. However, classic water-in-oil microemulsion method 
have failed to produce high quality silica coated Ag2S NCs. The use of non-ionic surfactants in 
these reverse microemulsion systems leads to the destabilization of the colloidal solution of 
Ag2S NCs making the homogeneous growth of silica spheres around the NC impossible. This 
effect is observed in Figure 4.2. The loss of the colloidal stability due to the presence of the 
aqueous face makes the NCs aggregate in order to minimize the surface in contact to the polar 







Figure 5. TEM images of attempts to encapsulate the Ag2S-based NCs in SiO2 spheres using the reverse microemulsion method 
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4.5. Silica encapsulation of Ag2S/Ag2(S,Se) nanocrystals 
In order to obtain the SiO2-coated NCs 1 ml of a 1.8 mg/ml chloroform dispersion of Ag2S-
based NCs were mixed with a 3 ml water solution containing 30 mg of DTAB. The mixture was 
roughly sonicated and agitated until a homogeneous emulsion was achieved. After that, the 
chloroform was evaporated using a N2 flow obtaining optically clear water dispersion. After 
that, 100 l of TEOS was added to the water dispersion and the sample was left to slowly react 
at room temperature during 3 days in a mechanical agitator. After that, the excess silica was 
removed in several washing steps with ultrapure water. 
 
4.6. Film hydration encapsulation of NCs 
For the film hydration approach, 35 mg of PE:PEG2000 was first dissolved in 10 ml of 
chloroform. After that, 1 ml of Ag2S-based NCs (1.8 mg/ml) were added to the phospholipid 
solution. The mixture was sonicated and agitated to achieve highest contact between both 
chemical species and after that the chloroform was evaporated using a N2 flow. After that, 10 
ml of ultrapure pure water are added and the dispersion is thoroughly agitated and sonicated 
until the phospholipids are closed. The first approach that was attempted to fabricate the 
magneto-optic multifunctional composite was the film hydration method as described in 
Section 4.4 of APPENDIX I. However, as TEM images point out, the NCs are not trapped inside 
the phospholipidic micelle, ending up interacting with the just the hydrophobic chains of its 















4.7. Solvent exchange encapsulation  
For the successful encapsulation of Ag2S-based and Fe3O4 NCs 4 ml of 2 mg/ml chloroform 
dispersion of the MNPS and 8 ml of a 1.8 mg/ml dispersion of Ag2S-based NCs are mixed 
together. After that, 2 ml of a 15 mg/ml solution of the PE:PEG2000 is added. The mixture is 
left 30 minutes in a mechanical agitator to promote the interaction between the NCs and the 
phospholipid. After that, 40 ml of DMSO are added to the chloroform mixture and after 
agitation and sonication the mixture is left so the chloroform evaporates at room temperature 
overnight. After that, the remaining chloroform is evaporated using a N2 flow. Once the 
chloroform is completely removed, aliquots are taken from the DMSO batch. Every aliquot is 
diluted to half the concentration and then the double amount of water is added. After applying 
this last step to the whole batch the DMSO is removed from the sample by ultracentrifugation 
using Sartorius Vivaspin tubes with molecular cutoff of 10000 KDa.  
 
4.8. Cell internalization studies 
For the in vitro measurements, breast cancer cells (MCF-7 cells) were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM) supplemented with 5% fetal bovine serum (FBS) and 1% 
penicillin, and maintained at 37°C with 5% CO2 until confluence. 
The cells were incubated for 24 h with the Ag2S-based NCs (FL13), at the following 
concentrations within the extracellular medium: [Fe] = 0.07 and 0.018 mM. At the end of the 
incubation, the medium was removed and the cells were rinsed three times with culture 
medium, and further placed at 37°C for an additional 30 min chase period. Particle-loaded 
living cells were visualized by optical microscopy. Cells were then detached by means of 
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7nd Early Stage Researchers Workshop (7th ESRW) 
IMDEA Nanoscience, June 21-22nd 2017 
3. “Ag/Ag2S nanocrystals for high sensitivity near-infrared luminescence 
nanothermometry” 
Authors: Diego Ruiz, Blanca del Rosal, María Acebrón, Cristina Palencia, Chen Sun, 
Juan Cabanillas-González, Miguel López-Haro, Ana B. Hungría, Daniel Jaque and Beatriz 
H. Juárez. 
8th Conference on Nanoscience with Nanocrystals (NANAX 8)  
Braga (Portugal), July 3-7nd 2017 
4. “Hybrid opto-magnetic nanostructures  based on SPIONs and near-infrared emitting 
nanocrystals encapsulated in phospholipidic micelles” 
Authors: Diego Ruiz, Ana Espinosa, Claudia Lozano-Pedraza, Rebeca Amaro, Harrisson 
D. Santos, Daniel Ortega, Daniel Jaque, Francisco J. Terán and Beatriz H. Juárez 
10th International Conference on Fine Particles Magnetism (10th ICFPM) 
 
Awards 
Best oral communication award in 2nd SBAN conference 
Instituto de Ciencia de Materiales de Madrid (ICMM-CSIC), June 6-7th 2019 
 
Research interships  
Research fellow given by the European Soft Matter Infrasctructure (ESMI) for the realization of 
the project called “Synthesis and characterization of small Ag2S nanocrystals using a continous-
flow reactor” in the Institute Of Physical Chemistry of the University of Hamburg supervised by 









































En primer lugar, como no puede ser de otra forma, me gustaría dar las 
gracias a los que siempre han estado a mi lado y que cuando me han visto 
bajo de ánimos en este largo camino siempre me han ayudado: mis 
padres, Estela y mis hermanos David y Pablo. Mención aparte merece Inés 
por aguantarme cada día con todos los altibajos desde hace ya algún 
tiempo… 
Por supuesto tampoco querría olvidarme de mi directora de tesis Beatriz 
H. Juárez por todo el apoyo y el trabajo que me ha dedicado. Sin ellos esta 
tesis no habría llegado a poder terminarse.  
Además, también me quiero acordar de toda la gente que ha hecho de 
esta tesis algo más que un trabajo de investigación, desde los primeros: 
María, Leo, Rebeca, Héctor, Ramón, Borja, Andrés, Fernando, Cosme, 
Gorka, Jose hasta lo más nuevos: David, Rial, Belén, Carlos, Arturo y 
espero no dejarme a nadie! 
Muchas gracias a todos por haberlo hecho posible!! 
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